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FOREWORD 

An Instrumented Multiple deployment Model Pile (MDMP) was developed for monitoring 
pile/soil interaction including pile capacity gain with time. The MDMP instrumentation and 
field installation allows to accurately obtain parameters applicable to full scale pile design. The 
MDMP was successfully deployed in Newbury, MA. The obtained results demonstrate the 
ability to predict the time-dependent behavior of full scale piles and hence to improve the design 
and construction of driven piles. 

This report will be of interest to geotechnical researchers and practitioners dealing with structures 
involving driven piles. 
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CHAPTER 1. INTRODUCTION 

1.1 Overview 

Piles are common foundation members enabling the transfer of large superstructure loads into 
weak compressible layers or through them to strong bearing strata. Pile foundations are 
traditionally designed either as end-bearing or friction piles. End-bearing piles are assumed to 
support the entire load at the pile’s tip, while friction piles rely on load transfer along the pile shaft 
to develop their capacity. 

The displacement required to activate the shaft resistance at a point (displacement to yield = skin 
quake) is estimated to be 2.5 mm (0.1 in); for example, see quake values proposed by Smith 
(1960) and the interfacial friction test results by Paikowsky et al. (1995b). In contrast, about 
0. 1B of displacement (where B is the pile tip width/diameter) is necessary to activate the tip 
resistance (Bowles, 1988). In reality, all piles are friction piles until some or all of their shaft 
resistance is mobilized (along the entire pile’s length), allowing the pile end to develop resistance. 
As a result, piles often carry the service load in friction, even if designed as end-bearing piles. The 
need to accurately analyze the shaft resistance component is, therefore, important for an 
economical design of pile foundations. For this purpose, testing methods are required that 
measure and evaluate the shaft friction and its variation during the service life of the pile. The 
obtained information enables one to improve the understanding of the underlying mechanics and 
hence to develop better soil-structure interaction theoretical tools. Theories of this kind can 
include, for example, the consideration of capacity changes with time, thus leading to better 
design procedures than those currently utilized in common practice. 

The installation and testing of full-scale test piles is both an expensive and an inconvenient method 
of obtaining information for the design of pile foundations. As an alternative method, model piles, 
which can be used to simulate the behavior of full-scale piles, are used to obtain this information. 
A model pile is a scaled-down calibrated pile equipped with instrumentation, having the capacity 
to monitor the pile-soil interaction over the pile history. The pile history includes the three main 
stages of the pile’s life: the initial driving, the consolidation or pore pressure/surrounding soil 
equalization, and finally, the loading during service. Model piles utilize electronic sensors to 
measure load transfer, radial stresses, pore pressure, displacement, acceleration, temperature, and 
inclination. Such monitoring can include: (1) during installation -- the dynamic pile response as 
well as the soil and water pressures; (2) during equilibrium - the excess pore pressure dissipation, 
variation of the soil pressure with time, and along with its influence on the pile’s performance; and 
(3) during service -- the load displacement relations and its distribution along the pile. 

The acquired data can either be applied directly in the design process (e.g., measurement of skin 
resistance) or extrapolated to a full-scale pile behavior (e.g., radial consolidation process) or used 
to develop and/or calibrate theoretical models and their parameters (e.g., bearing-capacity factors, 
interfacial load-displacement relations, etc.). 
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The presented work deals with the development, calibration, and testing of a model pile, known 
as the MDMP, Multiple Deployment Model Pile and its‘ evaluation as an in situ testing tool for 
design and construction. 

1.2 Purpose 

The following goals Were set for the presented research: 

l Design and build a model pile capable of 
(1) Monitoring (while withstanding) dynamic measurements of stresses and accelerations 

during driving. 
(2) Monitoring the pore pressure and radial soil stresses with time. 
(3) Measuring the pile/soil interaction. 
(4) Multiple deployment at various sites using standard drilling rig operation. 
(5) Independent static load testing (without the need of a drill rig). 

l Gather data to expand the database compiled at the UMass-Lowell concerning: 
(1) Pore pressure dissipation and capacity gain with time. 
(2) Static pile capacity predictions based on dynamic measurements. 
(3) Pile behavior under the static cyclic load-testing procedure. 

l Investigate the ability to obtain design parameters using a model pile under field conditions to 
be applied to full-scale pile analysis and design. 

1.3 Scope 

1. 

2. 

3. 

4. 

A literature search of existing model piles was conducted, allowing a review and 
determination of the most appropriate features of each model pile. Some of the important 
requirements were: robust design for impact driving and multiple deployments, abiity to 
model open- and closed-ended pile conditions, monitoring pore pressure and total stresses, 
and versatility of use in different deposits. 
Considering the aforementioned review, a model pile was developed to measure skin and tip 
resistance, pore pressure, radial pressure, local displacement, and dynamic response during 
driving. The MDMP was designed to meet the demanding requirement of an in situ tool used 
during site investigation to estimate the pile performance. 
The model pile was calibrated at UMass-Lowell to verify the perfbrmance of the 
instrumentation. A data acquisition system was designed to be operator-friendly and flexible 
to monitor the pile’s instrumentation throughout the entire pile history (dynamic and quasi- 
static). 
A site was selected in Newbury, Massachusetts. The subsurface conditions at the site consist 
of a cohesive soil layer with a depth of about 3 to 15 m (10 to 50 ft) below ground surface. 
The Multiple Deployment Model Pile (MDMP) was installed at the same location at two 
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5. 

6. 

different depths, 9.27 and 12.3 1 m (30.4 and 40.4 ft) to the pile tip. Data were collected 
continuously until the excess pore pressure developed during driving dissipated. 
Based on the tests at Newbury, the MDMP proved to be an &ective in situ tool even in the 
harsh New England winter environment. The entire test was completed with the use of a 
standard drill rig typically used for site investigations. The drill rig can be used elsewhere 
after the pile installation and only needs to be returned to the test location at the completion of 
the testing sequence in order to remove the pile and the casing. 
The data recovered were analyzed to determine: (a) the quality, significance, and predictive 
capabilities of the dynamic measurements; (b) pore pressure dissipation and capacity gain and 
their relationship; and (c) radial stress variations and their relationship to pore pressure 
dissipation and capacity gain. 

1.4 Manuscript Layout 

The following are short descriptions for each of the upcoming chapters: 
Chapter 2 - Review of existing model piles used for field testing. 
Chapter 3 - Description of the requirements, specifications, design, and calibration of the 

Multiple Deployment Model Pile (MDMP). 
Chapter 4 - Design and capabilities of the peripheral accessories required to perform the MDMP 

field testing. 
Chapter 5 - Overview of the subsurface investigation and testing at the Newbury Massachusetts 

Model Pile Test Site. 
Chapter 6 - Presentation of the results of the model pile tests at the Newbury site. 
Chapter 7 - Analysis and discussion of the model pile test results at the Newbury site. 
Chapter 8 - Conclusions and recommendations. 

The following Appendices are being referred to in the manuscript. These Appendices stand 
alone and are not required for the continuity and clarity of the report. A copy of the Appendices 

can be obtained by contacting the Contracting Officer’s Technical Representative. 

Appendix A. 
Appendix B. 
Appendix C. 
Appendix D. 
Appendix E. 
Appendix F. 
Appendix G. 
Appendix H. 
Appendix I. 

Static Capacity Analysis of MDMP 
Dynamic Analysis of MDMP 
Machine Drawing of MDMP and Load Frame 
Calibration Plots of MDMP Instrumentation 
Reaction Frame Analysis 
Wire Diagrams and Pinouts for DAS 
Static Load Test Results for the MDMP Test NB2 
Static Load Test Results for the MDMP Test Nl33 
Dynamic Measurements 
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CaApTER 2. MODEL PILES FOR FIELD TESTJNG - REVIEW 

2.1 Definition and Overview 

A model pile is a calibrated tool equipped with instrumentation capable of monitoring the pile/soil 
interaction over the pile history. Monitoring includes the installation, pore pressure dissipation 
combined with consolidation and soil .pressure equalization, and ultimately, the pile behavior under 
loading up to failure. 

The model pile instahation and soil-structure interaction simulate the actual field conditions of full-scale 
piles in a better way than any other possible laboratory or in situ testing. As such, the obtained 
tiormation can be utilized directly (e.g., skin friction) or extrapolated (e.g., pore pressure dissipation 
time) to predict the soil’s response during full-scale pile installation. 

Model piles utilize multiple electronic sensors, including, but not limited to, load cells, pressure 
transducers, total stress cells, accelerometers, and displacement transducers. These sensors can 
measure pile stresses, pore pressures, radial soil stresses, accelerations, and displacements. The data 
collected from the model pile can be used to determine load transfer, pile forces, soil friction values, 
and timdependent capacity. 

Limited numbers of model piles have been developed and their use is not common in daily practice. 
This view excludes the cone penetration test (CPT) that partially fulfills the “model pile” concept, 
though it was developed and widely used for the determinauon of soil parameters and site 
investigation. The available model piles consist of difEerent geometries and are used for different 
purposes. Some model piles simulate open- and closed-ended pipe piles by varying the tip 
configurations. Other model piles have been used for cyclic loading simulating the conditions 
experienced by piles for offshore structures under wave action. 

Many technical details are associated with the use and implementation of model piles. Their installation 
can vary between jacking and driving. While jacking advances the model pile at a constant rate of 
penetration (pseudo-static), driving is a quick dynamic process similar to the most common fU-scale 
pile installation. The average rate in both cases can, however, be very similar (Paikowsky et al., 1989). 
Drill rods are usually used to advance the model pile. Their limited length requires tiequent 
interruption of the installation process. This arrangement is difFerem from that associated with 
common pile installation in two ways: (1) it aEects the pore pressure dissipation process and (2) the 
stress wave propagation during driving is a&c&d by the drill rod connections and variable cross- 
sections. 

Pore water pressure measurements are an important aspect of model piles, especially ifthe effective 
stress theory is used as the basis for the pile/soil model. Porous stones are used to separate the water in 
contact with the pressure transducer from the soil and maintain saturation prior to installation. To 
record accurate pore pressures, the geometry of the porous stones should conform with the model pile 
shaft, and the porous stone material needs to ensure fast response time of the pressure transducers. 
The permeability of the porous stone has to be properly balanced between very high permeability that 
allows a quick response time and low permeabihty to maintam saturation when the model pile is 
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exposed to air and/or advancing through unsaturated soil. The porous stones and the measuring 
system need to be properly de-aired since air may fill some of the voids, resulting in decreased 
permeability and a slower response time. In addition, air can penetrate the duct pipes connecting the 
pressure transducers and thus affect the accuracy of the measurement. 

The following sections review model piles that have been previously developed. These model piles 
were designed for use in the field and to test the in situ pile/soil interaction. There are other types of 
pile models (usually small in size) that are used in l-g laboratory pressure chamber and centrikge 
testing (Rump, 1993). These model piles are not discussed in this chapter as their size, type of 
instrumentation, and conditions of testing differ substantially from that of the field model piles. Table 
1 presents a summary of the reviewed model piles following a liie search performed by Peter J. 
Connors as presented by Ravindra Mynampaty in his Master’s Thesis (Mynampaty, 1993). The table 
was updated with additional literature and with the features of the model pile developed for the 
current research and presented in Chapter 3. 

2.2 The Cone Penetration Test (CPT) Model 

The cone penetrometer has been used to identify soil type, stmtigraphy, and variability for more than 
60 years. The cone penetrometer has evolved from an original mechanical cone to an electric cone 
and a piezocone that are currently used for in situ testing (see Figure 1). Electric cones are capable of 
continuously monitoring tip resistance and skin resistance. When equipped with a piezometric 
element, they can monitor pore pressure (DeRuiter, 1982; Schaap and Zuiberg, 1982; and Chen and 
Mayne, 1994). 

The cone penetrometer has been standardized throughout the many years of use. The ASTM 
Standard Test Method for Deep, Quasi-Static, Cone, and Friction-Cone Penetration Tests of Soil 
(ASTM D 3441-86) states that the standard cone has a 60” point angle and a base diameter of 35.7 
mm (1.406 in) resulting in a projected area of 10 cm2 (1.55 in”). The standard friction sleeve has the 
same diameter as the cone and has a surface area of 150 cm2 (23.2 in’). Non-standard cones have 
been developed with projected areas varying from 5 to 15 cm2. as well as different size friction 
sleeves. 

The instrumentation of the penetrometer consists of one or more axial load cells and oRen, pore 
pressure transducers. All cone penetrometers have a load cell to measure the resistance at the tip, 
while new versions that are capable of measuring skin friction have an additional load measurement. 
A common method to measure skin resistance is the subtraction method, which requires an additional 
axial load cell that measures the combined load at the tip and fkiction sleeve. The shin resistance is 
then determined by subtracting the tip resistance as measured by the axial load cell at the tip fkom the 
combined resistance as measured by the axial load cell located in the shaft. Pore pressure 
measurements are measured with pressure transducers mounted in the tool. 
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TABLE 1. Comparison of Various Inshvmented Model F’iles. 



s 1 . 
! 1 I 
i I 
i : /- . . . . . - 1 I f 
1 j 

TYCE: Ff.BCKEZWIV 
.P OIMCNUONO 

CONE BASt AREA lmrr? t : 1.560 
SLEEVCAREA tmm2t ; 2u.00~ 
0. FACTOR n.s!, 

. . SHArT 0 4J.S SPECIPICATIONS 

CONE &OAD CELL 
* fULLSCALE RANGE (IiN) : 76 
-OVERLOAD CAPACITY OkNI : 200 

CONE PLUS SLEEVE LOAO CELL 

-FULL SCALE RANGE (kNI : 75 
* OVERLOADCAPACITY IkNI : 200 

PORE PRESSURS TRANSDUCERS 

- FILTERELEMENT - f ULL SCALE RANGE (MPaI : 5.0 
-BURST PRESSURE IMPrt : 12.5 

NOTES 

SLFFVF 6’~43.9 
1. LOAD CELLS/TRANSDUCERS MAY BE 

CALIBRATEO FOR LOWER RANGES 
2. UNEQUAL SLEEVE END AHtAS 

3. SURtRACl’ION TYPE 

4. ALL DIMENSIONS IN mm 
C. BUILT.IN AMPLIFIERS 

CONk. 043.7 
0. SLOPE SENSOR INCORPORATCD 

7. THRtADED END: EXTCRNAL. M28 wz 

Figure 1. The Dual Piezo Friction Cone Penetrometer (De Ruiter, 1982). 
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The location of the pore pressure transducer is not yet standardized and is often in one or more of the 
following locations: at the tip, behind the tip, and/or above the friction sleeve (Figure 2). For an 
eEective tool to investigate pile/soil interaction, pore pressure needs to be measured on the shaft, well 
above the friction sleeve (Paikows~ et al., 1995). Pore pressure measures at positions UI and u2 are 
useful when determinin g soil stratigraphy. Cone penetrometer with pore pressure measurements are 
referred to as piezocone penetrometers. 

Some variations of the cone may include other sensors such as an omni-directional inclinometer (a 
slope-sensing device), nuclear density probe, and acoustic probe. Nuclear density probes are able to 
detect changes in density of the soil by emitting and receiving radioactive isotope rays. The 
inclinometer can detect ifthe cone penetrates in the vertical direction. This verifies the depth of the 
model and is useful for the recovery of probes before they deviate too far off course. 

i 

i 

FliCthl 

fztn?) 

iv. 
FtneFnsme Fmeplesane Ftxel3csme TripleEknmt 
Transducea& T- l3zudwx IJiaam2 

%Y Behindthe Abmtbz - 
Q w4 Friction Slw, 

Pi? u3 

Figure 2. Typical Locations of Pore Pressure Measurements for Piezocone Penetrometers. 

The loading system for penetrometers is o&n contained in a portable vehicle that can be ballasted to 
provide the full reaction for the testing. The system includes either a hydraulic ram or a hydraulic 
clamping system to insert the model. The clamping system is very useful because it enables the 
addition of drilhng rods without interrupting the advancement of the model. The cone is advanced at a 
constant rate of 20 mm/s. 

Disadvantages that may hinder the ability of the cone to simulate pile installation are: (1) the device 
requires the use of drill rods to advance the cone into the soil (this delay, caused by the addition of drill 
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rods, enables the soil surrounding the pile to set up and pore pressure to dissipate), (2) the friction 
sleeve is behind the tip, hence it does not represent typical shaft conditions, and (3) the non- 
standardized placement of the pore pressure filter along the surface of the cone and/or at its base where 
the measured pore pressure is not representative of the pile shaft conditions. 

2.3 The Piezo-Lateral Stress (PLS) Cell 

The 38.4~mm- (1.5 1 -in-) diameter Piezo-Lateral Stress Cell (PLS) (see Figure 3) was originally 
developed by Wissa et al. (1975). The device was introduced in 1978 to provide essential fundamental 
data on pile behavior in clay in order to expand the knowledge of long piles behavior, especially the 
skin friction component of long piles total capacity (Azzouz, 1985b; Azzouz and Lutz, 1986; and 
Azzouz and Morrison, 1988). In addition, the device can be utilized as an exploratory tool to directly 
estimate the shaft resistance of cylindrical piles (Morrison, 1984). The PLS cell has been used 
successfully in cohesive soils at three Boston Clay sites and at the Empire, Louisiana clay site. At the 
Empire site, a direct comparison could be made with full-scale piles that were previously tested at the 
site. 

The PLS cell has three components that provide a simultaneous measurement of total lateral stress, 
pore pressure, and axial load throughout the various stages of the life of the model pile. The total 
lateral (horizontal) stress and pore pressure measurements are used to determine the horizontal 
effective stress acting on the pile, a dominant parameter for calculating skin friction when evaluating 
pile behavior in cohesive soils based on effective shear strength theory. 

The lateral stress cell is made of a thin steel shell that covers a thin water-f&d pressure chamber 
(Figure 4). The lateral stress experienced by the shell is transferred to the water in the pressure 
chamber where the water pressure is measured with a pressure transducer. The ideal lateral stress cell 
would have an infinitely thin long steel shell with a large diameter and a minute amount of water in the 
pressure chamber while being insensitive to axial load. The final design incorporated these ideas as 
well as practical concerns such as durability and machineabii. Sensitivity of the lateral stress cell is 
expressed as a ratio of the internal water pressure to the external horizontal stress. The constructed 
element has a sensitivity of 93.5%, with the steel shell being 0.038 cm (0.015 in) thick, 4.70 cm (1.85 
in) long, diameter of 3.84 cm (1.5 1 in), and pressure chamber volume of 2.13 cm” (0.13 in3). The rated 
range of the lateral stress cell is 0 to 689.5 kPa (0 to 100 psi). The PLS cell also includes a 
thermoresistor monitoring temperature. This measurement is essential for achieving a high degree of 
accuracy in horizontal stress readings when using very stiff, temperature-sensitive devices such as the 
PLS’s lateral cell. Improvement of such devices can be made when using liquid in the pressure 
chamber with an expansion coefficient more compatible to steel than water (for example, mercury). 

A high-entry, stainless-steel porous disk allows the pore water pressure to be measured by an internal 
pressure transducer. The rated range of the pore pressure transducers is 0 to 1379 kPa (0 to 200 psi). 
Improper de-airing of the porous disk causes the system to have a slow response time to externally 
applied changes in pressure and is a common cause of misleading data. 
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Figure 3. The P&o-Lateral Stress (PLS) Cell (Morrison, 1984) 
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The load cell measures the axial load required to overcome the tip resistance and shear stresses acting 
on the length of the shaft bounded by the load cell. Figure 5 provides a detail of the load cell assembly. 
The PLS has only one axial load cell and utilizes the measurement of tip resistance from an additional 
piezocone test to determine the skin resistance along the tip extension. 

The PLS is pushed at a constant rate of 20 mm/s. Like the piezocone and CPT, the data collected with 
the PLS cell can be analyzed to identify soil stratigraphy. The PLS is comparable in size with AW drill 
rods; therefore, the cell may be pushed to significant depths without the need for casing the borehole. 
A disadvantage of the PLS cell is the drilhng rods used need to be added at intervals of 1.524 m (5 ft) 
of advancement. The time needed to add a new rod allows excess pore pressure dissipation, and this 
must be taken into account when analyzing the pore pressure data. Care must be taken to ident@ 
virgin penetration or non-virgin penetration. The non-virgin records are significantly a&c&d by the 
degree of consolidation. 

An advantage of the PLS is the ability to vary the length of the tip extension. The length of the tip 
extension may be changed to minimize the tip effects in a particular soil. This enables a more sensitive 
measurement of the sleeve resistance and allows the model to simulate the shaft of a long flexible pile. 

2.4 The Grosch and Reese (G&R) Model Pile 

The Grosch and Reese (G&R) model pile (see Figure 6) was developed at the University of Texas for 
the American Petroleum Institute. The model was developed to provide insight into the mechanics of 
cyclic reduction in load transfer of long flexible piles utilized for offshore platforms (Grosch and Reese, 
1980). The model pile is a 2.54-cm- (1.0-h+) diameter closed-ended tube, 88.9 cm (35 in).in length. 
The model pile is made of 6061 ahnnmum and is connected to a 5.08-cm- (2-in-) diameter galvanized 
pipe to advance the instrumented section to the desired test depth. 

The G&R model pile measures the load transfer over a 25.4-cm (lo-in) section with four strain gauges 
arranged in a Wheatstone bridge formation This formation cancels any bending forces and measures 
only the axial load. A pore pressure transducer was located at the mid-point of the section that 
measures the load transfer. The instrumentation wires are routed througha flexible hose that was 
pressurized with 82.7 kPa (12 psi) of nitrogen to prevent moisture from entering the system. 

The system was designed for simulating cyclic environmental loading often experienced by offshore 
structures. The loading system consists of a screw jack with a reversible variable-speed motor 
connected to the model via the 5.08-cm (2-in) galvanized steel pipe. The screw jack enabled the 
simulation of the environmental loading by cyclic penetration in the bottom of the shallow borehole in a 
soft, normally consolidated clay deposit in Mine, Texas. The G&R model pile does not require pre- 
drilling to insert it to the testing depth. The compactness of the model makes the device relatively 
mobile. 
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Figure 5. Details of the Axial Load Cell in the Piezo-Lateral Stress (PLS) Cell 
(Morrison, 1984). 
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Figure 6. The Grosch and Reese (G&R) Instrumented Model Pile 
(Grosch and Reese, 1980). 

The model pile is not designed to measure tip resistance observed by the pile. It appears that G&R’s 
model would be less accurate than others due to its small surface area, along which load transfer is 
measured, and its unsophisticated monitoring capabilities. Other model pile designs allow for 
redundant measurement of skin resistance, while the G&R model pile does not. Also, the drill rods 
used to advance the model are not compatible with its diameter. This diflbrence in size would require 
more force to push the model down, a force different fl-om what the model might experience. 

2.5 The Norwegian Geotechuical Institute (NGI) Model Pile 

The Norwegian Geotechnical Institute (NGI) developed a testing instrument to investigate the effects 
of tension loading on pile anchors used for tension-leg type of&hore platforms. The NGI model pile is 
not capable of measurkg tip resistance and, therefore, represents model segments of long flexible piles 
used in practice. The 15.%&m- (6-in-) diameter pile is about 5.0 m (16.4 ft) long as shown in Figure 
7. The model pile is closed-ended to model large displacement piles (Karlsrud and Haugen, 198 1, 
1985a, and 1985b). 
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Figure 7. The Norwegian Geotechnical Institute (NGI) Instrumented Test Pile 
(atier Karlsrud and Haugen, 1985). 

The model pile has six groups of vibrating wire stain gauges distributed at different levels along the 
length of the pile. These strain gauges are used to determine the skin friction that develops along the 
pile. The effective stresses can be calculated at four difbent locations using measurements of earth 
and pore pressure cells. A displacement transducer and a load cell are positioned on top of the model 
pile. The instrumentation enables the measurement of the effective stresses and skin resistance 
during pile installation and consolidation. 

The NGI model pile has been field tested extensively under a variety of loadings in overconsolidated 
clay at a site in Haga, outside of Oslo, Norway. Sixteen instalMons of the model pile were 
successfully conducted in the overconsolidated clay. An additional section (dummy pile) was 
attached to the top to advance the model pile to the testing depth. A 6.0-m-diameter concrete ring 
beam enabled multiple in&al&ions of the pile. A jack was used to push the model pile at a rate of 4 
to 15 cm/mm any place along the ring. Approximately 30 kN (3.37 tons) of force was required to 
advance the NGI model pile 5 m into the over-consolidated clay. Once imwted, static, rapid, and 
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cyclic loading tests may be perhormed by a loading rig that travels around the ring beam used for the 
installations. 

The disadvantage of the NGI model pile when compared to other similar models is its large diameter 
and length. As a result, the model pile and its installation and loading rigs cannot be transported 
easily, making it inappropriate as a standard multiple deployment in situ device. 

2.6 The X-Probe And The ~-IQ& Model Piles 

The Earth Technology Corporation developed two in situ testing tools (the 7.62 cm (3.0 in) and the 
X-probe) to improve the understanding of axial soil/pile load-transfer behavior for long flexible piles 
of offshore platforms (Bogard et al., 1985; and Bogard and Matlock, 199Oa, 199Ob, and 199oC). 
Both the tools simulate a short pile segment and yield a direct in situ measurement of load transfer 
along the pile segment. The 7.62-cm (3.0-i@ model pile (see Figure 8) has successfully been driven 
and jacked into a variety of soil types. The X-probe model pile segment tool was designed and built 
to be used on more routine site investigations. Unfortunately, the X-probe (see Figure 9) did not 
prove to be rugged enough for repeated testing. 

The 7.62~cm (3-i@ model pile is an in situ testing device with dimensions of 7.62 cm (3 in) diameter 
and a total tool length of approximately 4.9 m (16 fi). Different cutting shoes, with any wall 
thickness, can be used to model an open-ended pile, or a closed-ended configuration can be used. 
Test depths have been as deep as 75 m (250 R), utihzi@N-rods to advance the tool to the desired 
depth. The 7.62-cm (3-in) model pile is equipped with two load cells that are used to calculate the 
shear transfer over a section of the pile. Strain gauges (Figure 10) are mounted in a Wheatstone 
bridge formation to measure only axial loads. In Figure 10, a load cell cover slides over the 
instrumented section of the load cell to protect the strain gauges and prevent soil and moisture 
intrusion. Also, mounted in the load cell are two accelerometers (Figure 10). In Figure 11, a total 
pressure transducer and a pore pressure transducer are located between the two load cells that provide 
continuous measures of effective stresses at the location where the load transfer is measured. A 
direct current, linear variable displacement transducer (DC-LVDT) is used to measure local 
displacement between the cutting shoe and the instrumented portion of the pile. During tension and 
compression load tests, the cutting shoe acts as an anchor to allow for accurate displacement 
measurements. 
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Figure 8 The 7.62~cm (3.0~in) Instrumented Model Pile (Bogard and Matlock, 1985). 
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Figure 9 The X-Probe (Bogard and Matlock, 1985). 

The X-probe with a diameter of 4.37 cm (1.72 in) and 143.5 cm (56.5 in) long was designed and built 
to be used on routine site investigations. The X-probe simulates a plugged pile and has instrumentation 
that enables the measurement of pile/soil interaction behatior. The pile has a load cell that measures 
the shear transfer over a 200-cm2 (3 I-in2) shaft area. Below the load cell are the total lateral pressure 
transducer and a pore pressure transducer that measure the efbxtive stresses during all stages of pile 
history. The tip of the pile has a cone with a similar geometry to that of a cone penctrometer. The tip 
section acts as the reference anchor for local displacement measurements by a displacement transducer. 
The main advantage of the model is its compatibility with the standard CPT and, therefore, it can be 
deployed with conventional cone penetrometer equipment. However, the X-probe does not have the 
capability to measure tip responses, 

The models have been extensively tested at six onshore sites along the U.S. Gulf coast, West coast, and 
Can* a site offshore Louisiana from a fixed platioq and in the laboratory in a pressurized soil 
drum. The soil types at these locations are composed of stitf silty clay, silts, so& clay, over-consolidated 
Beaumont clay, and calcareous soil. At some of the sites, fbll-scale pile static load tests were carried 
out as well, which enables the comparison of axial behavior between full-scale pile load test results and 
model pile segment tool results. 

19 



LOAD CELL 
COVER 

ACCELEROMETER 

STRAIS 
GAGES 

Figure 10. Details of 7.62-cm @-in) Model Pile Axial Load Cells 
(after Patent Number 5259,240). 

The model piles are driven or pushed using N-rods to advance the pile to the desired depth. The 
instrumentation is monitored during installation and through the duration of the test. Upon the 
completion of installation and consolidation, a variety of load tests were performed. These loading 
tests included static monotonic, one-way cyclic (compression or tension only) with or without load 
bias, and two-way cyclic loading under tension and compression. The loading system consisted of a 
hydraulic ram, with a 30.4&m (12-i@ stroke, that was able to apply tension or compression loading to 
the models. Screw anchors are used as a reaction for compressive loadings when testing was 
conducted onshore. 
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Figure 11. Details of 7.62cm @-in) Model Pile Pressure Instruments 
(after Patent Number 5259,240). 

2.7 The In Situ Model Pile (IMP) 

The IMP or In Situ Model Pile (see Figure 12) was developed at Oxford University (Coop and Wrath, 
1989; and Lehane, 1992) to explore the fundamental behavior of piles in clay. Both sti@ 
overconsolidated and normally consolidated estuarine clays were successfully tested. The model is 80 
mm (3.15 in) in diameter and 1135 mm (44.7 in) long. The model pile consists of two concentric 
cylinders attached to a common pile head, with the inner cylinder rigidly connected to the tip assembly 
and the outer brass cylinder comprised of a combination of interchangeable instrumented sections. The 
rigid connection allows for a more sensitive measurement of shaft diction. End bearing forces are 
transmitted directly to the pile head through the inner cylinder and are not measured. 

The IMP has two instrumentation clusters, with each section having two pore pressure transducers, 
two radial stress transducers, and a load cell. There is an additional pore pressure transducer located at 
the tip of the pile and a third load cell located in the leading cluster. Figure 12 presents the location of 
the sensors, as well as diagrams of two types of pore pressure sensors and radial stress sensor. The 
Druck semi-conductor transducer is a brand name pressure transducer that was installed into the IMP 
while the strain-gauged diaphragm was constructed specifically for the IMP. The three load cells 
measure axial load, enabling the skin friction to be calculated as the dithxence in axial load between any 
two load cells. In each instrumented section, two total radial stress and pore pressure transducers were 
installed opposite of each other to check for variation in stresses around the IMP shaft. 

21 



1135mm 

Leading Cluster Following Cluster 
. , * . 

A 

hip Pore Pressure Sensor 

8 Pore Pressure Sensor 

@ Radial Pressure Sensor 
A AxialLoadCell 

Configuration of IMP 

Platen Screwed 

Encastr6 Beam 

Radial Stress Sensor 

PDCR 81 

Pore Pressure Sensor Pore Pressure Sensor 
with Druck Semi-Conductor Transducer with Strain Gauged Diaphragm 

Brass Holder r Filter 

Figure 12. Configuration and Instrumentation of the In Situ Mode4 Pile (IMP) 
(after Lehane, 1992). 
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A plunger that may be held in position or allowed to move is located within the inner cylinder. This 
facilitates both closed-ended and open-ended installation. The jacking system for the IMP consists of 
hydraulic jacking rig powered by a portable gasoline engine. The reaction for the system is provided by 
screw pickets. Due to the size of the loading system, NWY drill rods are used to advance the model 
into the soil. The NWY rods have a smaller diameter than the model pile. No load due to friction 
along the sides of the rods is developed .and, therefore, less force is required to advance the model pile 
into the soil. 

The IMP has been successfully employed in various sites in England. The four sites located at 
Madingley included two sites having normally consolidated estuarine clays and two having heavily 
overconsolidated clays. An additional site at Huntspill contained soft silty, normally consolidated clay. 
Most of the experiments were carried out closed-ended, and the jack stroke length was approximately 
350 mm (13.78 in), with a jacking rate of230 mm/mm (9.06 in/min). In several tests, the progression 
of the model pile was halted to measure pore pressure dissipation and to conduct undramed load tests. 

The entire system, inclusive of the model pile and the monitoring and jacking system, is selGcontained 
and facilitates transportation by a typical off-road vehicle, enabling installation in inaccessible places 
with only a two-person crew. 

2.8 The Imperial College Pile (ICP) 

The Imperial College instrumented model pile (see Figure 13) is a closed-ended steel model pile 
designed to investigate the following (Bond and Jardine, 1995,‘Bond et al., 1991; Bond and Jardine, 
1991; Jardine et al., 1992; and Lehane and Jardine, 1994): 

l Effective stresses acting at the pile/soil interface during the three main stages of the pile’s history. 
l DifTerence between tension and compression loading. 
l Jnfluence of pile end condition. 
l Effect of changing the direction of loading. 
l Variation in first-time load capacity with time. 
l Effects of variable equalization periods. 
l Effects of installation jacking rate. 
l Significance ofjacking as opposed to driving piles. 

By studying the above effects, the objective of ICP model pile tests is to develop a theory to explain the 
behavior of displacement piles that is based on effective stresses. 

The model pile is 10.2 cm (4.02 in) in diameter and 7 m (22.97 fi) long, with a solid 60” cone fitted at 
the pile tip. The model pile has three clusters of sensors spaced 1 m apart. Each cluster (see Figure 
14) contains a high-capacity axial load cell, a surface stress transducer (SST), a pore pressure unit, and 
a temperature sensor inside the stress transducer. In addition, three displacement transducers and 
another axial load cell are positioned at the top of the model pile during testing. The load cell at the 
top verifies the measurements of the SSTs. The SSTs (Figure 15) are capable of 
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Figure 13. The Imperial College Instrumented Model Pile (Bond and Jardine, 1991). 
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Figure 14. Typical Imperial College Model Pile Instrument Cluster 
(Bond et al., 1991). 

measuring the radial total stress and shear stress acting on the pile. For an axial web strain of 0.2%, the 
radial and shear stress capacities of the SSTs are 870 kPa (126.2 psi) and 262 kPa (38.0 psi), 
respectively. The pore pressure unit consists of two quick-response pore pressure probes that enable 
the model pile to monitor pore pressure and the effective stresses to be calculated. The temperature 
sensor located in each SST is required to achieve the necessary accuracy of measuring the radial stress 
acting on the pile. The high-capacity axial load cell (Figure 16) located in each cluster consists of a 
short, thin-walled section where strain gauges are mounted in a Poisson bridge to measure axial loads 
acting on the pile. This thin-walled section is designed so that it will yield rather than buckle, and at 
0.2% axial strain., the nominal capacity is 209 kN (23.5 tons). 
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Figure 15. The Surface Stress Transducer (Bond et al., 1991). 

The ICP model pile has been used in a variety of soil types, including heavily over-consolidated London 
clays, medium dense sand, stiff glacial till, and sensitive soft clays. Some of the sites tested included 
soft; sensitive marine clay at Bothkennar, Scotland; highly over-consolidated London Clay at Cannons 
Park, north London; and sub-rounded dune sand at Labenne, France. The model has been proven to 
yield highly consistent and repeatable data in all soil types that were tested. The test procedure the 
model underwent entailed jacking the model through a cased borehole in a series of pushes, 
approximately 226 mm, at variable penetration rates. There were short pauses when the jack was 
reset. The piles were jacked rather than driven to prevent damage to the instrumentation. 

The Imperial model pile’s main advantage is the incorporation of duplicate sensors at each instrument 
cluster to provide redundancy of measurements. Some disadvantages of the hnperial Model Pile are 
no instrumentation at the pile tip to monitor point resistance and a large size that might present 
difticulty in transportation. 
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CHAPTER 3. THE MULTIPLE DEPLOYMENT MODEL PILE (MDMP) 

3.1 General Description 

The Multiple Deployment Model Pile (MIXUP) is an in situ soil testing device very similar to the 
7.26-cm (34 model pile previously described in section 2.6. The MDMP is composed of a 
series of modular sensors that are screwed together in any desired configuration. The model pile 
is capable of measuring axial loads, pore water pressure, total radial stresses, local displacement, 
and pile acceleration. A typical configuration of the modular MDMP is shown in Figure 17. In 
summary, the MDMP instrumentation includes three load cells, three accelerometers, a 
displacement transducer, a pore pressure transducer, and a total pressure cell. 

Two load cells are positioned in a series with a total stress cell and pore pressure cell (located in 
transducer housing) centered between the load cells. The friction sleeve between the two load 
cells has a surface area of 2000 cm2 (3 10 in2). By subtracting the measured loads of each load 
cell and using the surface area, the friction along the friction sleeve can be calculated. An 
additional load cell is located near the tip of the pile. This additional load cell offers another 
measurement of friction along a greater length of the pile, as well as a measurement of tip 
resistance. A slip joint is located 16.7 radii from the total stress cell and pore pressure cell. The 
slip joint utilizes a direct current-linear variable displacement transducer (DC-LVDT) to measure 
up to 5 cm (2 in) of local displacement. During load tests, the local displacement measured by 
the DC-LVDT and the load cells should yield a load-displacement curve that is independent of 
any slack and compression of the drill rods. The friction sleeve can be made of different 
materials of various surface finishes (different roughness), allowing the examination of surface 
roughness effects on the frictional pile resistance. Pile acceleration is measured in the model pile 
utilizing high-impact accelerometers. The accelerometers are mounted inside the model pile at 
the load cell locations, thereby allowing for force and velocity records at the same location and 
minimizing uncertainties in the acceleration records due to drill rod connections. Two sets of 
load cells of different capacities were designed for use with the MDMP in a variety of subsurface 
conditions. The MDMP can be used to model large displacement piles by using a closed-ended 
tip. Also, small displacement piles can be modeled by using an open-ended tip. 

3.2 Requirements 

The Multiple Deployment Model Pile (MDMP) must be able to record the following 
measurements during driving, static load testing, and restrikes: 

l Axial loads at multiple locations along the pile (static and dynamic). 
l Pore pressures (static and dynamic). 
l Tip resistance (static and dynamic). 
l Total radial stresses (static). 
l Local displacement (static). 
l Accelerations (dynamic). 
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Figure 17. Typical Configuration of the Modular MDMP. 

Total capacity, load transfer, and time-dependent information can be determined fkom these 
measurements. Initially, the MDMP tests were planned to be conducted in medium to soft 
Boston Blue clay deposits in the eastern Massachusetts area. Additional requirements were 
included so that the MDMP could be deployed in stiffer Boston Blue clay, glacial till, and/or 
dense sands. 

The major objective of the MDMP is to simulate the installation and stress history that full-scale 
piles experience. To achieve this, the MDMP must be designed and constructed rugged enough 
to withstand driving stresses and, more importantly, the instrumentation must maintain the 
required standard of accuracy throughout the testing sequence. Measurements need to be 
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recorded during the three stages of pile history - installation, stabilization (equilibration), and 
static loading conditions. Total radial pressures and pore pressures are planned to be 
continuously monitored during all stages. Axial strains and accelerations need to be monitored 
during driving to provide for the dynamic prediction of the pile capacity. The MDMP can 
therefore be restruck to assess the gain of capacity with time. Axial strains need also to be 
recorded during static load testing. The MDMP has several different tip configurations (see 
Figure 18), including an open-ended and a closed-ended cutting shoe that simulate small 
displacement and large displacement piles, respectively. The cutting shoe acts as an anchor 
during load tests by providing a reference point for local displacement measurements in the slip 
joint. 

To determine the required ranges of measurements for the various instrumentation, a “typical’ 
soil profile was established (see Figure 19). This typical soil profile is based on subsurface 
conditions found in the Boston area and consists of the following layers (from the surface 
downward): 

l 6 to 9 m (20 to 30 ft) of fill, organic material, silty sand, sand and gravel, and stiff clay (OCR 
u 8). 

l 9 to 12 m (30 to 40 I%) of medium Boston Blue clay (BBC) (OCR 1.5 to 7, decreasing with 
depth), with an S, of about 0.4 to 0.6 tsf. 

l 15 to’38 m (50 to 125 ft) of normally consolidated soft BBC (OCR = 1 to 1.5), with an S, w 
0.22 d”O. 

This subsurface profile was used to calculate the expected conditions that the model pile will be 
subjected to during installation and testing. In addition, the MDMP was designed to allow for 
testing in stiff BBC, glacial till, and dense sand. A soil profile consisting of dense sand as shown 
in Figure 20 was used to represent these more difficult driving conditions. 

3.3 Analysis of the MDMP Loading Conditions 

3.3.1 &erview 

The loads (soil resistance) that the MDMP is expected to be subjected to will vary dependmg on 
the installation mode, soil type, and pile geometry. Both dynamic (driving conditions) and static 
(static load test conditions) analyses were conducted to evaluate the MDMP’s condition under 
the expected loads. The MDMP load cells will be subjected to a large range of axial loads due to 
testing in a variety of soil profiles. Soft BBC was used to represent the lower soil resistance to 
be measured by the load cells. Dense sand and/or glacial till was selected to represent the upper 
load measurements. These two limiting cases were used in both the dynamic and static analyses 
outlined in the following sections. Appendices A and B detail the calculations carried out for the 
static and dynamic analyses, respectively. 
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Figure 18. Tip Configurations of the MDMP. 
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Figure 19. Typical Soil Profile for the Boston Area. 

3.3.2 Static Capacig Analysis 

Based on the review of existing model piles in Chapter 2, the MDMP was assumed to be 76.2 
mm (3 in) in diameter (O.D.), with a 9.52%mm (3/8-i@ wall thickness. The total length was 
assumed to be 4.88 m (16 R), with a closed-ended configuration. Several empirical methods 
were employed to evaluate the loads under static conditions for both the soft BBC and dense sand 
cases. These loads were calculated at depths ranging from 12.2 to 33.5 m (40 to 110 ft). 

The typical profile presented in Figure 19 was chosen to represent the soft BBC profile. The a 
(Tomlinson, 1971) and h (Vijayvergiya, 1972) methods were used for the determination of the 
skin friction, while traditional and CPT (de Ruiter, 1975; Toolan and Fox, 1977; and de Ruiter 
and Beringen, 1979) methods were used for the tip resistance. Appendix A outlines the details of 
the static analyses. Table 2 summarizes the calculated skin resistance, tip resistance, and total 
resistance for the range of depths indicated. The values presented in Table 2 are the average 
values from the various methods used. The total resistance acting on the 4.88-m (16-ft) MDMP 
section ranges from approximately 56 to 82 kN (12.6 to 18.4 hips). Therefore, the MDMP is 
expected to experience loads of around 45 to 90 kN (5 to 10 tons) in the soft BBC. 
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Table 2. MDm Static Load Resistance in Soft BBC (Lower Limiting Case). 
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Figure 20 presents the dense sand profile for the evaluation of the upper soil resistance limit. 
Meyerhof s (195 1, 1976) Vesic’s simplified (1975), Vesic’s advanced (1977), and the American 
Petroleum Institute (API) (1984) methods were used for the determination of the tip resistance. 
The traditional, McClelland (1972), and Bhushun (1982) methods were used for the determination 
of skin friction. Appendix A outlines the details of the static analyses for this case. Table 3 
summarizes the calculated skin resistance, tip resistance, and total resistance for the range of 
depths indicated. The values presented in Table 3 are the average values from the various methods 
used. The total resistance acting on the 4.88-m (16-ft) MDMP section ranges from approximately 
186 to 465 kN (38 to 95 kips). Note that these values are conservative (for the purpose of the 
upper load evaluation) because they do not employ the critical depth adjustment for both 
resistance components - tip and skin. Based on these results, the MDMP may be expected to 
experience loads of around 185 to 465 kN (20 to 50 tons) in dense sands. 

3.3.3 Dynamic Analysis 

To evaluate the dynamic loads and accelerations during driving, wave equation analyses using the 
software program GRLWEAP (Goble, et al., 1995) were performed. The use of several hammers 
was investigated, including 0.62&N, 1.33&N, and 2.22~kN (140-lb, 300-lb, and 500-lb) drop 
hammers and a Delmag D-5 diesel hammer. A 0.762-m (2.5-ft) stroke was used for the drop 
hammers. The 2.22~kN (500-lb) drop hammer and the diesel hammer were included because they 
represent the most diflicult possible driving conditions. It is more likely, however, that the 0.62- 
and 1.33&N (140- and 300-lb) hammers will actually be used. 

The drop hammer driving system used in the wave equation analyses is illustrated in Figure 2 1. 
Appendix B presents the details of the dynamic analysis related to this system. Since the MDMP 
will be advanced using conventional wash and drive drilling methods, N-rods with a 60.325~mm 
(2.375-in) O.D. and 4.763~mm (3/16-in) wall thickness were modeled to connect with the 
MDMP. No hammer cushion is shown, which is typically for the standard penetration test (SPT). 
The MDMP was assumed to be 4.57 m (15 ft) long and 76.2 mm (3 in) in diameter (O.D.), with a 
9.525-mm (3/8-in) wall thickness. The tip configuration was assumed to be closed-ended. 

Table 3. MDMP Static Load Resistance in Dense Sand (Upper Limiting Case). 

12.2 127.2 59.6 186.8 
15.2 159.2 59.6 218.8 
18.3 190.4 68.5 258.9 
21.3 221.5 78.3 299.8 
24.4 253.5 88.1 341.6 
27.4 284.7 97.9 382.5 
30.5 315.8 107.6 423.4 
33.5 346.9 118.3 465.3 
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Figure 21. Drop Hammer Configuration Modeled in the Wave Equation Analyses. 

The minimum and maximum driving stresses that the N-rods and the MDMP are expected to be 
subjected to were determined based on the static soil resistances presented in section 3.3.2. The 
lower soil resistance of 0.44 kN (0.1 kips) was used to represent easy driving conditions in soft 
clay, and the higher soil resistance, which varied between 44.5 and 445 kN (10 and 100 kips), was 
used to represent hard driving conditions in dense sand. Table 4 summarizes the maximum and 
minimum driving stresses in the N rods and the MDMP for each hammer type. These stresses 
were evaluated using three penetration lengths for each of the soil conditions. Since the MDMP 
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will be installed at the bottom of a cased hole, soil resistance was modeled only along the shaft 
and tip of the model pile. The maximum static soil resistance that could be overcome during 
driving varied with the hammer size and pile length. The static soil resistance increased as the 
hammer size increased (i.e., increase in energy) and/or the pile length decreased. Static soil 
resistances developed for blow counts greater than 79 blows per 10 cm (240 blows per foot) were 
considered unrealistic and were not included. 

. 

- 
Eaii.4 -1.0 175.1/72.4 84.U46.9 i 12Oill 

0.762 m 38.1 Hard I 124.5 I 40.0 I 246.2AOl.4 I 125.W51.7 I 1200 A 

* Interpolated from the dynamic analyses graphical results. 

The allowable driving stresses (tensile and compressive) for steel are 0.9f y, which equals 223.4 
MPa (32.4 ksi) based on grade 36 steel. As expected, the worst compressive stresses (653.6 
MPa) and tensile stresses (145.5 MPa) were created by the D-5 diesel and 2.22&N (500-lb) drop 
hammers, respectively. These stresses were calculated in the drill rods at the connection with the 
MDMP, where the change in cross-section (increased impedance) creates larger compressive 
stresses as a result of reflections in the stress wave. Based on the 2.22&N (500-lb) hammer and, 
especially, the D-5 hammer simulations, the smaller cross-sectional area of the N-rods is 
expected to be damaged before the MDMP. If the larger hammers are used, the cross-sectional 
area of the drill rods may have to be increased to a larger size in order to accommodate the higher 
driving stresses. Alternatively, the use of cushions and a reduction of the stroke can be employed. 
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Discounting the D-5 diesel hammer driving simulation, the maximum compressive stress that 
occurred in the MDMP was 135.8 MPa (19.7 ksi) using the 2.22&N (SOO-lb) drop hammer. The 
maximum tensile stress that occurred in the MDMP was 81.4 MPa (11.8 ksi) using the 2.22&N 
(500-lb) drop hammer. The compressive stresses typically occurred at the connection of the 
MDMP with the drill rods (at the top of the MDMP). In general, the maximum tensile stresses 
were encountered toward the middle of the MDMP, although under the harder driving conditions 
and longer pile lengths, they were observed at the top of the MDMP. It is highly unlikely that the 
D-5 diesel hammer will be used (especially together with N-rods) and, therefore, excluding the 
D-5 simulation results, all driving stresses in the MDMP remain within the allowable stress level. 

The accelerations presented in Table 4 were determined using 152.4~mm (6-in) segment lengths, 
except for the 114.3-m (375-R) pile length, which was modeled using 304.8~mm (12~in) segment 
lengths. Based on Rausche (1995), smaller increments are required to properly analyze SPT 
driving systems. By increasing the number of pile segments, the stress wave can be more clearly 
defined as it propagates down the pile. This is especially important for uncushioned steel on 
steel impacts, where the impact stress signal is a high peak of short duration. 

The maximum range of accelerations expected in the MDMP vary between 1500 g’s and 2000 
g’s for shorter pile lengths (7.6 m) driven with the 1.334- and 2.224&N (300- and 500-lb) drop 
hammers. The lower accelerations may be around 500 g’s for the longer pile lengths (114.3 m) 
driven with the 0.623&N (140-lb) drop hammer. These accelerations are approximately two to 
five times higher than accelerations observed during the driving of full-scale piles. Lower 
accelerations (100 g’s to 200 g’s) are obtained for the diesel hammer analysis due to the different 
mode in which the hammer impacts the pile. 

3.3.4 SummaT of Load Requirements 

Table 5 summarizes the maximum loads in the MDMP obtained from the static and dynamic 
analyses. The indicated loads are based on a cross-sectional area of 19.94 cm2 (3.09 in2). Both 
analyses are based on conservative assumptions to ensure that the upper limits have been 
identified. The different values of static capacity, 89 kN to 463 kN (20 kips to 100 kips), suggest 
that two separate load cell systems may be required in the MDMP so that accurate measurements 
can be obtained under the two soil conditions. The dynamic capacity was determined from the 
product of the stress and the area of the MDMP. Based on the 1.334~kN (300-lb) drop hammer 
in the soft to medium clay, the dynamic capacity in tension and compression are 117 kN and 186 
kN (24 kips and 5 1 kips), respectively. The dynamic load cell requirements for the soft to 
medium clays, therefore, can be rounded to those indicated under “Design Requirements for 
MDMP” in Table 5. The dynamic capacity values for soft to medium clay (162 kN tension and 
201 kN compression) are within the load cell overload range of 2.5 times the static capacity. The 
dynamic design requirements for the dense sand (225 W tension and 550 kN compression) are 
well within the 250% overload range, even with the use of the larger hammers. 
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Table 5. Summary of Load Cell Capacity Requirements. 

3.4 Specifications for Instrumentation and Mechanical Parts 

3.4.1 General 

The MDMP was based on a modification of the 7.62-cm (3-i@ Model Pile originally developed 
by Bogess et al., 1983. The specifications for the load cells, accelerometers, pore pressure 
transducer, total pressure cell, connector housing, slip joint, tip segment, and loading frame are 
described below. The description of these components and other MDMP components is 
provided in section 3.5. 

3.4.2 Accelerometers 

Accelerometers are mounted in the model pile to provide accurate records of pile acceleration 
that are independent of drill rods and hammer. The accelerometers must be capable of measuring 
accelerations up to 2000 g’s. The accelerometers are installed at the load cell locations in the 
interior of the model pile and are securely attached to the pile. The accelerometers will be 
monitored using the PDA (Pile-Driving Analyzer). The PDA is capable of monitoring up to four 
accelerometers (two piezoelectric and two piezoresistive). As such, two of the MDMP 
accelerometers (top and bottom load cells) will be piezoelectric and one will be piezoresistive 
(middle load cell), with the fourth accelerometer being mounted at the top of the drill rods. 

3.4.3 Load Cells 

(a) Top and Middle Load Cells 
Two load cells are required to measure the friction along a section of the pile. Since a variety of 
soil profiles will be tested, two sets of load cells are required to measure the skin friction. Refer 
to section 3.3.4 for the re 
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uired load ranges in the soft to medium BBC clay and dense sand. 

There is 2000 cm2 (3 10 in ) of surface area between the two load cells to measure skin friction 
and load transfer. 

(b) Tip Load Cell 
The load cell at the tip was included to measure end-bearing capacity during compression tests 
and evaluate the friction along the lower pile segment. The tip load cell may be used to correlate 
MDMP results to the more conventional CPT. The load at the tip also provides a performance 
check of the slip joint, ensuring that no load is being transferred through the slip joint during 
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tension load tests. During compression load testing, the tip load cell must be able to measure the 
tip resistance when the slip joint is fully compressed. During installation, the tip load cell will 
continuously measure the tip resistance. 

3.4.4 Pure Pressure Transducer 

The pore pressure transducer must be able to measure pore water pressure during initial driving, 
restrike, and static load tests. The pore pressure transducer must to be able to measure the excess 
pore pressure dissipation continuously for several days after driving. When driving in dense 
overconsolidated clays or silts, the pore pressure transducer must also be able to measure 
negative excess pore pressures. Most importantly, the pressure transducer must physically be 
able to withstand stresses during driving. The increase in pore pressure due to driving can be 
expected to be 2.29 times the vertical effective stress (Paikowsky et al., 1995). Based on the 
typical soil profile in the Boston area (maximum test depth at 33.5 m (110 fi)), the predicted pore 
pressure immediately after driving is 1070 k.Pa (15 5 psi). 

Two porous filters must be located 180” apart and mounted flush to the pile wall, maintaining the 
radius of the MDMl? so that no local discontinuities are present. The porous filters must be 
permeable to enable quick response to pressure changes, but must also be of sufficiently low 
permeability to maintain saturation while the model pile is driven through unsaturated material. 
In addition, the porous filters must be durable for use in hard driving conditions, easily 
replaceable, and compatible with other materials utilized in the model pile to prevent corrosive 
effects. Lastly, a method to saturate and de-air the porous filters is required. 

3.4.5 Total Pressure Cell 

The total pressure cell must be able to measure total pressure during the entire duration of the 
MDMP test sequence. The total pressure cell, like the pore pressure transducer, must be able to 
physically withstand the stresses during driving. The loading caps of the total pressure cell must 
also maintain the radius of the MDMP so that no local discontinuities are present. Considering 
the typical soil profile in the Boston area (maximum test depth at 33.5 m (110 ft)), the predicted 
total pressure is 12 14 kPa (176 psi) (assuming oh after driving is two times a,,). 

3.4.6 Connector Housing 

The connector housing gathers all the wires from up to 10 MDMP sensors and connects them to 
a main cable that extends through the drill rods to the surface. The connector housing must also 
be watertight to prevent water from entering the MDMP. The cable needs to be at least 45 m 
(150 Et) long. 

3.4.7 Si@ Joint 

The slip joint is used to measure local displacements. The slip joint needs to be extended 
immediately after driving to allow measurements of displacement during subsequent compression 
load tests. The slip joint needs to be able to measure a total displacement of up to 5 cm (2 in), 
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allowing for four load tests to be performed with 1.25 cm (0.5 in) of displacement for each test. 
The displacement of 1.25 cm (0.5 in) is assumed to be enough to accommodate the soil quake 
(approximately 0.1 in along the shaft) and provide adequate information of the post-peak and 
residual soil resistance. Wires for the bottom load cell below the slip joint must be able to pass 
through the slip joint without affecting the slip joint or bottom load cell. 

3.4.8 Loading Frame 

Following installation, several tension and compression static load tests need to be performed 
over time. The static load frame needs to be attached to the drill rods, which are connected to the 
MDIvP. The frame must be easy to assemble and position over the drill rod string and must be 
capable of conducting both extension and compression load tests of up to 445 kN (50 tons). The 
load application system must be capable of performing the tests by displacement or load control 
techniques. The loading system also requires suffticient throw to be connected to the drill rods 
and to conduct several 1.25-cm (0.5~in) load tests in succession. 

3.4.9 Summary of the Instrumentation Range Requirements 

Table 6 presents a summary of the required instrumentation as outlined in section 3.4. 

Table 6. Summary of the MDMP Required Instrumentation Ranges. 

II Accelerometers 

II Load Cells 

3.5 Design 

3.5.1 General 

The MDMP is composed of several components that are screwed together (Figure 17). All of the 
major components are made of stainless steel to inhibit oxidation and other possible chemical 
reactions. Rubber O-rings are used to seal all components in order to create a watertight 
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environment in the interior of the pile. The outside diameter of all components remains constant 
(76.2 mm) throughout the entire MDMP length, except at the lower slip joint, where it is 57.15 
mm (2.25 m). The overall length ofthe &se&ended MDMP with tip extension is 2.87 m (9.42 
ft). The major cumponents of the MDMP (referring to Figure 17) include: N-rud adapter, 
connector housing, upper extension, load cells, couplings, transducer housing, slip joint, lower 
extension, and mterchangeabie tip segment. Tabie 7 iists the different components, their 
description, length (when applicable to the total length), material, and related detail. The 
following sections provide details of the different components presented in Figure 17 and listed 
in Table 7. Appendix C presents the shop drawings and details of the individual components. 

The N=Rod adapter is 21.59 cm (8.5 in) long and attaches the MDMP (76.2 mm diameter) to N 
drill rods (60.3 mm diameter) that are used to advance the model pile to the desired test depth. 
Type 3 16 stainless steel is used to machine the component, The end that is connected to the drill 
rod is a female modified Box thread (three threads per inch). The opposite end is a female 2.50-5 
Stud ACME thread that is attached tu the connectur housing. 

3.53 Connector Housing and Mount 

Thci ~6ti&,i housiiig is 10.24 cm (4.03 in) long and is machined from Type 316 st&.tiless steel. 
The end that connects to the N-rod adapter is a male 2.50-5 Stud A&@ thread. The opposite 
end is a female 2.500;12=2 thread. Six slots that are evenly spaced about the circumference allow .._. ..--. 

The connector mount is made of 17~4PH @HlOSO stainless steel. The connector mount has two 
fimMms: (1) providing a watertight seal to protect the instrumientation within the MDMP from 
water intrusion and (2) providing a waterproofcable connection enabling the instrumentation 
wiring within the MDMP to be connected to the data acquis$ion cable. A set screw is used to 
attach the cunnectur muunt tu the upper extensiun tu ensure that the muunt dues not rutate and 
the sensor wires do not shear. 

3.59 Upper i%tensiiopr 

The upper extension is 3 I,27 cm (12.3 1 in) long and ensures that the instrumentation is in a zone 
of radial dissipation and is an adequate distance below the drill rods so that the sensors are not 
affected by the change in cross-sectional area f?om the rods to the pile. The lead wires from the 
various MDMP sensors are gathered together and combined in the interior of the upper 
extension. The component has a male and female 2.500-12-2 thread on either end and is 
machined from Type 3 16 stainless steel. 
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3.5.5 Load Cells 

Three load cells arc installed in the MDMP. Figure 22 is a photograph of a load cell with a 
sleeve. Each load cell utilizes four foil strain gauges arranged in a full Wheatstone bridge 
formation. The total nominal bridge resistance is 350 ohms. This formation of strain gauges 
cancels the effects of bending and measures only axial loads. The strain gauges are attached to 
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the center section of the load cell, which has a uniform cross-section of either 4.75 cm2 (0.7363 
in2) or 13.06 cm2 (2.0249 in2) for the 89- and 445~kN (lo- and 50-ton) load cells, respectively. 
The dynamic to static overload ratio (dynamic loading/static loading) for these load cells is 2.5, 
which is sufficient to accommodate the maximum anticipated driving stresses. The load cell is 
made from Type 17-4PH @H1050 stainless steel. There are two O-rings that maintain a 
watertight seal between the adjacent modular parts. Four holes allow air to flow to both sides of 
the uniform cross-section, thereby avoiding temperature and pressure variations that might affect 
the sensitivity of the load cells. Both ends are male ends with 2.500-12-2 threads. At one end, 
the inside circumference is threaded with a 1.820-20-2 thread to attach the LVDT mount. 

Figure 22. Photograph of the MDMP Load Cell With Sleeve. 

Each load cell is protected by a load cell cover. The load cell cover slides over the load cell and 
provides a watertight seal using three additional O-rings. When screwing the adjacent 
components to the load cell, they exert compression on the flange of the load cell cover, holding 
it in place. The load cell cover is 13.03 cm (5.130 in) long, with an outside diameter of 7.62 cm 
(3 in). There is a small gap at one end of the load cell cover to allow the load cell to strain. The 
load cell cover is made from Type 3 16 stainless steel. The assembled load cell with cover has a 
combined length of 14.60 cm (5.75 in). 

Each load cell is fitted with an accelerometer, which is mounted in the interior of the load cell. 
The maximum accelerations (in terms of gravity “g”) that the accelerometers will be subjected to 
range between approximately 500 g’s to 2,000 g’s. To maintain compatibility with the Pile- 
Driving Analyzer (to be used for monitoring the accelerometers), two types of accelerometers 
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(piezoelectric and piezoresistive) are employed. A piezoresistive accelerometer was selected for 
the middle load cell due to space constraints dictated by the DC-LVDT. The upper and lower 
MDMP load cell accelerometers are of the piezoelectric type. 

3.5.6 Couplings 

There are two couplings in the MDMP. These couplings are used to center the transducer 
housing between the two load cells and provide a known surface area for measuring the skin 
resistance along the friction sleeve. Both ends of each coupling are female 2.500-12-2 threads. 
Type 3 16 stainless steel is used to form the couplings, which are 25.74 cm (10.134 in) long and 
have a cross-sectional area of 22.83 cm2 (3.54 in2). 

3.57 Transducer Housing 

The total stress cell and pore pressure transducer are located in the transducer housing. Figure 23 
is a photograph of the transducer housing with pore pressure transducer and total radial stress 
cell. The transducer housing has an outside diameter of 7.62 cm (3 in) and is machined from 
Type 17-4PH @H1050 stainless steel. Both ends are male 2.500-12-2 threads. Two O-rings at 
either end form a watertight seal with adjacent components. Two holes 2.54 cm (1 in) in 
diameter and 0.953 cm (0.375 in) deep are aligned 180” apart. The holes are fitted with porous 
aluminum oxide stones. Behind each stone is a duct that allows the free flow of pore water from 
the porous stones to the pore pressure transducer located in the center of the transducer housing. 
A 2.54-cm (l-in) through-hole, located 90’ from the porous stones, houses the total stress 
transducer. 

Figure 23. Photograph of the Transducer Housing With the Pore Pressure Transducer and 
the Total Radial Stress Cell. 
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The porous stones for the pore pressure transducer are pressed into place. The outer surface is 
shaped to the same curvature as the model pile so that no discontinuities will exist around the 
stone. The pore water flows through the pores in the stone to the transducer so that only fluid 
pressures are recorded. Since below-freezing temperatures were anticipated during field testing, 
a mixture of glycerin and water was examined for use in the transducer housing water ducts and 
stones. Following laboratory tests, a solution consisting of 30% glycerin and 70% water was 
used to saturate the stones. This solution would not freeze up to a temperature of approximately - 
7°C (20OF) and did not appear to separate when the temperature increased back to room 
temperature. An added benefit to the use of a glycerin solution is that due to the increased 
viscosity of the solution, the porous stones will remain saturated even if exposed to air for a 
limited time. A Kistler Model 414OA20 pressure transducer is used to measure the pore fluid 
pressure. The nominal transducer output is 29.99 mV/bar using an excitation current of 4 mA 
and its range is 0 to 2000 kPa (0 to 290 psi). A Kistler Model 4670V signal conditioner was 
installed to supply the current excitation and amplify the output. This signal conditioner was 
incorporated into the connection box (to be described in Chapter 4). 

The total stress transducer principle of measurement is similar to the load cells. Four foil strain 
gauges are mounted to a “dog bone”-shaped piece of aluminum (Type 2024-T4), the ends of 
which have a circular cross-section. The foil strain gauges are arranged in a 350-ohm full 
Wheatstone bridge formation to measure only axial load. Two end plugs fit over the circular 
ends of the aluminum “dog bone” and are fitted with O-rings to ensure watertightness. The outer 
surfaces of the end plugs have the same curvature as the model pile so that they are flush with the 
pile wall. The nominal transducer output is 0.35 mV/bar using an excitation voltage of 10 V. 

3.5.8 Srip Joint 

The slip joint consists of upper and lower components and is 30.61 cm (12.05 in) long when fully 
compressed. Figure 24 is a photograph of the components of the slip joint. The upper slip joint 
(20.40 cm long) is made of Type 17-4PH @lOSO stainless steel with a female 2.500-12-2 
threaded end. Four holes 90” apart with counterbores are used to insert guides that slide in the 
slots on the lower slip joint. The lower slip joint (10.21 cm long) is also made of Type 17-4PH 
@JO50 stainless steel. The lower slip joint has four slots that the guides from the upper slip joint 
slide in. The lower end of the lower slip joint is threaded with 2.500-12-2 female thread as well. 

The DC-LVDT that measures the local displacement of the slip joint is held in place with the 
LVDT mount. The LVDT mount screws into the middle load cell and a set screw securely holds 
the LVDT in place, providing a reference point for the top portion of the model pile. The LVDT 
pad is attached to the lower slip joint utilizing two #8-32 screws. The LVDT pad provides the 
reference point for the lower slip joint. 

The DC-LVDT is manufactured by Macro Sensors and is model no. GHSD 7500-1000. The 
transducer measures up to 4.9 cm (2 in) of movement. The excitation voltage required is *15 V 
DC and the output range is *lO V DC. Specifications indicate the transducer has a shock 
survival of 1000 g’s over 11 ms. 
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Figure 24. Photograph of he Slip Joint With DCDT. 

3.5.9 Lower Extension 

The lower extension connects the lower slip joint to the lower load cell for “long” piles. The 
lower slip joint screws directly into the bottom load cell for “shorter” piles. Male and female 
adapters are used to attach the lower extension to the lower slip joint and lower load cell. The 
length of the lower extension and adapters is 82.04 cm (32.3 in). This length is based on the 
following two criteria: (1) the additional length required to reduce end effects near the slip joint 
and (2) the provision of a larger frictional area for the “anchored” portion of the pile below the 
slip joint. The lower extension consists of male and female 2.500-12-2 threaded end pieces that 
are welded to a 6.35mm- (%-in) thick mechanical tubing. 

3.510 Tip Segment 

An interchangeable tip segment 10.2 cm (4.0 in) long for a conical tip screws into the lower load 
cell. Various tip attachments can be fabricated so that different driving modes (such as open- 
ended and closed-ended penetration) could be investigated. Figure 18 presents three different 
possible extensions for the MDMP based on the following tip segment configurations: 

l “Short” closed-ended pile, where the tip segment (angled or flat tip) screws directly into the 
lower load cell. 

l Open-ended pile, where a threaded open-tip segment cutting shoe screws directly into the slip 
joint. 
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l “Long” closed-ended pile, where an 82.0-cm (32.3-in) extension connects the lower slip joint 
to the lower load cell. The tip segment (angled or flat tip) screws directly into the lower load 
cell. 

3.6 Calibration 

3.6.1 Overview 

The components of the MDMP were tested and calibrated before and after the testing program. 
To ensure that system errors did not affect the calibration process, the MDMP was completely 
assembled utilizing the required cables, connection box (section 4.3), and data acquisition system 
(section 4.2). The three load cells, pore pressure cell, total pressure cell, and slip joint DC-LVDT 
were all calibrated in the Geotechnical Laboratory at UMass-Lowell. The calibration process 
included testing the load cells, the pore pressure transducer, total pressure cell, and slip joint DC- 
LVDT under static loading conditions. The accelerometers were tested to ensure that they were 
wired correctly and the drill rods were examined to ensure that the discontinuities at the joints 
would not inhibit the measurement of dynamic response during driving. A 222.4~kN (25-ton) 
load cell and two DC-LVDTs were tested in the laboratory to be used in the static testing 
program. Additional instrumentation, including a strain gauge and accelerometer attached to the 
drill rod, was also checked in the laboratory. 

3.4.2 Load Cell Calibration 

The three MDM.R load cells that were used in the Newbury, MA test program were calibrated five 
times. Refer to Appendix D for calibration plots describing the relationship between output 
voltage and load. The initial factory calibrations were performed by Technology & Calibration, 
Inc. (TechCal) before the assembly of the MDMI?. Each load cell was calibrated under 
compression loading in 11.12~kN (2,500-lb) increments to a maximum compressive load of 111.2 
kN (25,000 lb). During the calibration process by TechCal, the outer sleeve was not in position 
over the load cell. At the conclusion of the Newbury testing program, the load cell calibrations 
were rechecked at the UMass-Lowell Geotechnical Laboratory with the pile disassembled and the 
outer sleeves removed. 

Before and after the Newbury testing program, the load cells were also calibrated at the UMass- 
Lowell Geotechnical Laboratory with the model pile fully assembled (the bottom load cell was not 
recalibrated after the testing program). The procedure for calibrating the load cells when the 
model pile was assembled consisted of placing the MDMP in a reaction frame and applying a 
compressive load with a hydraulic jack. Figures 25a and b are a schematic and a photograph of 
the system used for the load cell calibration. The reaction frame was constructed of two vertical 
W sections, 152.4 mm in depth (W6x15), and one horizontally oriented W section with the web 
aligned vertically, 152.4 mm in depth (W6x15), with steel members with reinforced welded joints. 
Appendix E provides details about the frame analysis and construction. A 222.4&N (50,000-lb) 
Lebow load cell was placed in line with the model pile to record the applied compressive load. A 
ball connection was placed between the jack and the bottom of the model pile to eliminate 
movements during calibration (see Figure 25). The jacking system was comprised of an hydraulic 
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of an hydraulic ram and a hand-operated pump. A compressive load of 53.4 to 57.8 kN (12,000 
to 13,000 lb) was applied gradually at a near constant rate and was then allowed to return 
instantaneously to zero. This loading procedure was repeated four times and the data were used 
to develop the calibration factors. 

The calibrations for each of the three MDMP load cells at the different times are listed in Tables 
8 through 10. The obtained calibration factors suggest that the calibration results vary depending 
on the timing of the calibration process with respect to testing. This can be explained in a 
number of ways. The factory calibration was done before the load cells were exercised and the 
outer sleeve was not in place. In a perfect design the O-rings used to develop a watertight seal 
around the load cell instrumentation would not transfer any load. Practically, however, the O- 
rings are compressed to form the watertight seal and some load transfer does occur. Another 
reason for different factory calibrations and assembled calibrations is the voltage drop that occurs 
through the 60-m (200~fl) length of cable and connections. 

The recalibration of the load cells at the end of the testing program was not completely linear, as 
the curve appeared to be bi-linear with a change in slope at 20.91 kN (4,700 lb) (Appendix D). 
This bi-linear behavior may be due to dried soil in the gap that allows for the load cell and O-ring 
expansion. The difference between the two calibrations with the outer sleeve removed 
(Appendix D, Factory Calibration and Recalibration) may be due to a physical change in the load 
cell, possibly caused by the dynamic forces or residual forces that the pile was subjected to 
during installation and removal. 

Table 8. Top Load Cell Calibration Results. 

Calibration Before Test 
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Figure 25a. Schematic of the Calibration Frame for the MJIMP. 

50 



Figure 25b. Photograph of the Calibration Frame for the MDMP. 
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Table 9. Middle Load Cell Calibration Results. 

Calibration Before Test 

Table 10. Bottom Load Cell Calibration Results. 

Since the three MDMP load cells will be monitored during driving using the Pile-Driving 
Analyzer (PDA), a calibration factor for the PDA was determined. The PDA calibration factor is 
a function of the static calibration. A multiplication factor of 0.288 is used to transform the static 
calibration for use as a PDA calibration factor. This multiplication factor, also called a Pile 
Dynamics Tnc. (PDT) factor, is based on excitation voltage and the internal circuitry of the PDA 
(based on correspondence with Pile Dynamics, Inc.). The modulus of elasticity used for stainless 
steel is 2.05 x 10’ MPa (29.7 x lo6 psi) as provided by the manufacturer of the load cells. Based 
on the above, the PDA calibration factor is related to the static calibration factor by the following 
relationship and is summarized in Table 11: 

General Factor = -$& = 
lb.& 

Out 

mv 
out 

l & 

l-J,8 p&b 00288 PDA Calibration Factor = 7 = mu . 
out 
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Table 11. Dynamic Calibration Results of the MDMP Load Cells. 

Serial Number 

3.63 Pore Pressure Transducer Calibration 

The pore pressure cell is composed of a pressure transducer connected to the porous stones via 
ducts. Figure 26 is a schematic of the pressure instrument calibration layout. A custom-made 
cylindrical calibration chamber was placed over the pore pressure cell. The cables, DAS, and all 
other devices that were used in the field testing program were also used in the calibration 
process. The chamber utilizes O-rings to form a seal that maintains a vacuum during the de- 
airing process and withstands pressurization during the calibrating process. The porous stones 
and internal channels were filled with glycerin and de-aired water mixture. A vacuum was 
applied to the chamber to ensure de-airing and complete saturation. A proportional integration 
differentiation (PID) circuit was then used to apply pressure to the fluid in the calibration 
chamber. An additional accurately calibrated pressure transducer was placed in line between the 
PID and the pressure chamber to measure the actual pressure applied to the fluid in the chamber. 
This additional pressure transducer was used to record the reference pressure on which the 
calibration factors were based. 

In order to simulate field conditions, three different pressure application procedures were used. 
The pressure was increased and decreased at a constant rate (for four or five cycles) during all the 
procedures. These procedures were: 

1. Opening the system to the atmosphere and holding for a short duration after each ramp up 
and down sequence. 

2. Opening the system to the atmosphere before and after the entire ramp up and down sequence 
without any pauses between ramps. 

3. Holding the pressure steady after each ramp up and opening the system to the atmosphere 
after each ramp down. 

Procedures 1 and 2 both simulate driving conditions because the pressure application is rapid and 
the transducer can measure the pressure only if the response time is quick. Procedure 3 
represents the period after driving when the pressure changes are slower and the response time of 
the system is not as important a factor. The different pressure application procedures did not 
affect the performance of the pore pressure transducer. 
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Figure 26. Pressure Instrumentation Calibration Setup. 

The pore pressure cell was calibrated three times before the testing program at Newbury using 
each pressure application procedure. After the completion of the testing program, the calibration 
of the pore pressure cell was checked twice using the third pressure application procedure. Table 
12 summarizes the pore pressure transducer calibration results of the various calibration 
procedures. An average of all five calibration factors were used in the test result data reduction 

(7.0652 Psxolt). 

3.6.4 Total Pressure Cell Calibration 

The total pressure cell was calibrated along with the pore pressure cell using the same pressure 
application procedures previously outlined in section 3.6.3. The pressure application procedure 
was an important factor when calibrating the total pressure cell as the response time of the cell 
was affected by the O-rings. As a result, procedures 1 and 2 were not adequate as not enough 
response time was provided after each loading ramp. Table 13 summarizes the results of the 

various calibrations of the total pressure cell. The calibration factor for test #3 (64527.16 6) 
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was used in the data reduction. The total pressure cell was damaged during the testing program 
and the calibration could not be checked after testing. 

Table 12. Pore Pressure Transducer Calibration Results. 

Table 13. Total Pressure Cell Calibration Results. 

3.6.5 Displacement Transducer Calibration 

The assembled MDMP was suspended from the reaction &me using the same setup used to 
calibrate the load cells. Two displacement transducers were aligned 180” apart to measure the 
movement of the hydraulic ram. With the slip joint in the fully extended position, the ram was 
advanced approximately 5 cm to close the slip joint. The displacements monitored by the two 
displacement transducers (that measured the ram movement) were averaged together to 
determine the movement of the slip joint. The calibration constant determined for the DC-LVDT 
displacement transducer obtained via this procedure is 0.09773 5 in/V,ti. 

3.66 Accelerometer Response During Dynamic Loading 

The MDMP was not calibrated under dynamic loading. The actual calibration of the 
accelerometers was performed by Pile Dynamics, Inc., of Cleveland, Ohio. The response of the 
MDMP instrumentation under dynamic loading was examined using a custom-designed support 
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system that was fabricated for this purpose by George Saliby, a graduate research assistant at 
UMass-Lowell. Figures 27a and b are a schematic and photograph of the configuration used for 
the support of the MDMP and,associated loading equipment. Four supports were constructed out 
of steel wiring and circular clamps. These supports were fixed to a ceiling beam. 

The MDMP was oriented horizontally and placed within two of the supports in order to simulate 
a completely free pile (i.e., without frictional or end-bearing resistance). The responses of the 
three accelerometers and load cells within the MDMP were tested in this system. The two 
remaining supports were clamped to a steel ram that was used as a hammer. Different rams, 
which varied in weight (based on lengths between 15.2 and 61 .O cm (6 to 24 in)), were machined 
Tom a 76.2~mm- (3-m) diameter solid steel cylinder. Alternatively, a 5-lb (22.2-N) 
sledgehammer was used to impact the top of the MDMP. A 12.7~mm- (l/2&-) thick piece of 
plywood and/or a 3.175~mm- (l/S-in-) thick piece of plastic were used for pile cushions. In some 
cases, drill rods were connected to the top of the MDMP. An additional strain gauge and 
accelerometer from the Pile-Driving Analyzer (PDA) system were attached to these drill rod 
segments to measure force and acceleration applied to the rods. The output from the three 
MDMP accelerometers and strain gauges, and the additional drill rod strain gauge and 
accelerometer, was recorded and routed to the PDA via a connection box. 

Figure 27a. Photograph of the Dynamic Instrumentation Testing Setup. 
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Figure 27b. Schematic of the Dynamic Instrumentation Testing Setup. 





CHAPTER 4. MDMP PERIPHERAL TEST ACCESSORIES 

4.1 Overview of Peripheral Test Accessories 

The MDMP requires peripheral systems to conduct the various testing procedures. Two Data 
Acquisition Systems @AS) measure the response of the instrumentation during the different 
stages of testing. A loading frame provides the reaction for both compression and extension 
static load tests. A hydraulic system applies the loads for these static load tests. A drill rig, 
equipped with a drop hammer, is used to install the MDMP. 

Three basic test procedures are conducted with the model pile during the pile history. During 
installation, the pile is driven with a standard SPT hammer (0.623 kN (140 lb)) or Casing 
hammer (1.33 kN (300 lb)). The pile is monitored during driving utilizing the Pile-Driving 
Analyzer (PDA). After driving, the soil/pile response is measured with time. During the initial 
period after installation, the response is measured (using a Hewlett Packard (HP) DAS) at a 
sampling rate of approximately 3 to 4 Hz over a period of about 2 h. Thereafter, the frequency is 
decreased as the soil/pile system approaches an equilibrium state. Several static load tests, both 
in compression and tension, are conducted periodically on the model pile to determine the gain of 
capacity with time. Additional tests such as dynamic restrikes at the end of the test sequence 
and/or rapid load/unload cycling to determine the ultimate capacity may also be performed. 

All of these responses are measured by the various MDMP sensors using an elaborate DAS 
composed of an HP DAS, PDA, connection box, and cables. Depending on the test procedure, 
some sensors are monitored while others are not. A schematic of the DAS with the other related 
components of the model pile is shown in Figure 28. The figure is color-coded to enable easy 
identification of the various cables and associated connections. Table 14 provides a list of the 
components as numbered in Figure 28. 
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Figure 28. Schematic of the MDMP Data Acquisition System. 
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4.2 Hewlett Packard Data Acquisition System 

The Hewlett Packard Data Acquisition System (HP DAS) is used throughout the testing 
sequence. The HP DAS is required to trigger and store data from nine channels at 4 Hz. The 
data are recorded to hard drive and floppy disk periodically to ensure data recovery. The HP 
DAS consists of two components: the HP 75000 Series B cage VXI Bus DAS and an IBM- 
compatible 486 PC. The HP 75000 Series is composed of a mainframe HP E1301A with several 
modular components. Figure 29 is a photograph of the HP DAS system. 

Figure 29. Hewlett Packard Data Acquisition System (HP DAS). 

The maintmme has a front-panel keyboard and display. Modules are installed in the mainfmme 
that control the different DAS functions to include module-to-module synchronization. The 
modules installed in the mainframe HP E1301A are: a 5%Digit Multimeter (HP E1326B), a 16- 
Channel Relay Multiplexer Module (HP E1345A), and a 4-Channel D/A Converter Module (HP 
El 328A). The 5%Digit Multimeter can be used as stand-alone or combined with multiplexers to 
form a scanning multimeter. The multimeter measurement functions include: DC Voltage, root 
mean squared @MS) AC Voltage, 2-Wire Resistance, 4-Wire Resistance, Temperature, and 
Strain. The 1 B-Channel Relay Multiplexer switches up to 16 channels, where each channel has 
High (H), Low (L), and Guard (G) connections. Field wiring is connected to a terminal block 
that plugs into the Multiplexer. The $-Channel D/A Converter Module provides four 
independent 16-bit digital-to-analog converter channels. Two operating modes are available - 
calibrated or non-calibrated - with typical output voltage ranges of rt10.922 V DC or *12V DC 
and typical output current ranges of k21.84 mA DC or &24mA DC (HP User’s Manuals). 

61 



The software program HP VEE was used to trigger the scanning multimeter, set the number of 
channels to be monitored and the sampling frequency, display real-time data to the screen, and 
store the data with a time stamp to a hard drive. HP VEE is a Windows-based iconic 
programming language that was installed on an IBM-compatible 486 PC operating at 33 MHZ 
(Helsel, 1994). 

The HP DAS records nine signals during static loading and three signals during dynamic loading. 
These signals are routed to the HP DAS from the connection box, which supplies the excitation 
voltage. Table 15 presents all the instruments in the overall MDMP system with respect to the 
data collection mode (dynamic vs. static). During static loading, the signals fi-om the static 
surface instruments and all MDMP sensors are recorded, except for the MDMP accelerometers. 
During driving, the signals from the pore pressure transducer, total lateral pressure transducer, 
and slip joint LVDT are recorded. 

Table 15. MDMP Data Acquisition and Instrumentation Configuration. 

Lebow 2: 
DCD, I 
DCDT Surface 2 

Strain Gauge 1 
Accelerometer 2 
Top Load Cell 3 3 

J-0 ,Arvvalarnmeter 4 

rr] MDMP 

Pore Pressure Transducer 
Slip Joint DC-LVDT 

Note: “-’ indicates that the data acquisition systen 

6 
5 7 

8 
6 6 
7 7 
8 8 

n does not record signals. 

4.3 Pile-Driving Analyzer 

The Pile-Driving Analyzer (PDA) is a signal conditioning and data acquisition system developed 
by Pile Dynamics, Inc. The PDA monitors pile driving in order to estimate pile capacity and 
determine pile stresses during installation. The PDA used in this research consists of a 486 SLC 
25MFIz processor with 8 Mb RAM and a 240~Mb hard disk. The PDA has eight channels, 
thereby having the capability of monitor eight sensors and four strain gauges, 2 piezoelectric 
accelerometers, and 2 piezoresistive accelerometers. The system has a built-in automatic 
balancing of all signal conditioning. The maximum sampling rate is 20,000 Hz and records 1029 
data points on each channel. For model pile testing, this high sample rate is needed to accurately 
record the sharp rise of the hammer impact, similar to the one developed during standard 
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penetration testing (SPT). The recorded force and velocity data can be further analyzed with 
software such as the case method and case pile wave analysis program (CAPWAP) to predict soil 
behavior and estimate static pile capacity. 

Figure 30 is a photograph of the PDA system. The PDA collects the dynamic instrumentation 
signals from the three MDMP load cells and accelerometers and the surface strain gauge and 
accelerometer during driving only. These eight signals are routed to the PDA from the 
connection box when the three load cell switches on the connection box are set to the dynamic 
position (see Table 15). 

Figure 30. Pile-Driving Analyzer (PDA) Data Acquisition System. 

An alternative data collection procedure can be employed during driving if another PDA is used 
to collect the surface measurements. With a second PDA, two strain gauge and two 
accelerometer signals can be attached to the drill rods at the surface and monitored without the 
use of the connection box. The first PDA can be used as previously described with only the three 
strain gauge and accelerometer signals within the MDMP routed through the connection box and 
recorded by the PDA. This alternative provides a more reliable measurement of force and 
velocity readings (and, therefore, energy) at the pile top (drill rods). 
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4.4 Connection Box 

4.4.1 General 

The connection box serves as the nerve center for the entire MDMP DAS. The connection box 
was designed and fabricated by Gary Howe, Civil Engineering Laboratory Director at the 
UMass-Lowell. All the cables from the MDMP and the surface instruments are routed through 
this box before being connected to the respective DAS (either HP or PDA), as shown in Figure 
28. This connection box accepts the input signals from the various sensors, supplies the 
excitation voltages, and routes output signals to the correct DAS. The fundamental design 
requirements of the connection box were: (1) to allow instantaneous switching from dynamic to 
static readings (e.g., at the end of driving) and (2) to simplify the data acquisition process by 
centralizing all of the cables and connections in one place so that repairs could be made relatively 
easily in the field if problems were encountered. Wire diagrams of the connection box are 
presented in Appendix F. 

4.4.2 Power Supply Requirement 

The connection box supplies a total of four different direct current (DC) excitation voltages (+5, 
+ 15, - 15, and + 18 V) via a dual DC external power supply. The pressure transducer for the pore 
pressure measurements requires a constant current. A circuit board provided by the manufacturer 
supplies a constant 4-mA current and is capable of amplifying the output signal. This circuit 
board requires a constant voltage supply of +I8 V. The DC-LVDT displacement transducer 
requires an excitation voltage of It1 5 V DC. The lateral pressure cell requires an excitation 
voltage of 5 V DC. The connection box internal circuitry supplies all the required excitation 
voltages through a connection to an external power supply. 

4.4.3 Input 

A schematic of the back faceplate of the connection box is shown in Figure 3 1. The connection 
box accepts three different input cables. These three cables are connected to the left side of the 
back faceplate. One cable contains all of the MDMP instrumentation wires (down hole input), 
while the other two cables carry the dynamic and static ground-surfxe instrumentation wires. 
Refer to Section 4.5 for details on the various cables. Included in the connection box 
requirements was the incorporation of the available PDA cables. In order to do so, socket 
receptacle cpnnections were fabricated. These receptacles are push-on connections that allow the 
cables to be pulled out if a sudden jerking motion occurs, rather than having the wires severed. 

4.4.4 output 

Three different output cables route the input signals to the appropriate DAS, depending on the 
data collection mode (either static or dynamic). The three different output connections are shown 
on the right side of the back faceplate in Figure 3 1. The static output connection carries the 
signals measured during static testing to the HP DAS. The dynamic output is split into two 
connections, depending on the type of accelerometers. The output from the two piezoelectric 
accelerometers and their associated strain gauges in the MDMP load cells (top and middle) is 
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routed to the piezoelectric receptacles of the PDA. The output from the piezoresistive 
accelerometer and associated strain gauge in the tip load cell of the MDMP and the piezoresistive 
accelerometer and strain gauge at the surface is routed to the piezoresistive receptacle of the 
PDA. 

The output signals are wired directly from the input cable to the HP DAS. The accelerometers 
from the model pile are also wired in the connection box for direct attachment to the PDA. Using 
the connection box, other instrumentation, such as thermometer and an inclinometer can easily be 
added in the future. 

Dynamic Surface Inputs Piemresistive Dynamic 
output 

static outjwt 

Down Hole 
Inputs 

Static Surfhce Inputs Piezoelectric Dynamic 
@tput 

Figure 31. Connection Box, Back Faceplate. 

4.4.5 Operation 

The f’i-ont faceplate of the connection box is shown in Figure 32. Three switches in the front 
faceplate enable the data collection from the three MDMP load cells to toggle between dynamic 
and static modes. When the three switches are placed in the dynamic position during driving, the 
PDA supplies the excitation voltage and records the output strain and acceleration signals from 
the three MDMP load cells and the surface strain gauge/accelerometer pair. The HP DAS 
records the displacement of the slip joint LVDT, pore pressure, and total lateral pressure during 
driving. 

During static loading, the three switches are placed in the static position. The connection box 
supplies the excitation voltage, while the strain signals from the strain gauges within the three 
MDMP load cells are recorded by the HP DAS. In addition, the connection box supplies the 
excitation voltages for the three additional MDMP instruments (pore pressure transducer, lateral 
pressure transducer, and slip joint LVDT) and the three surface instruments (load cell and two 
DCDTs), while the HP DAS records the signals. The accelerometer signals are meaningless 
during static loading and are not recorded. 
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Figure 32. Connection Box, Front Faceplate. 

4.5 Cables and Connections 

4.5.1 General 

Six cables are used in the overall MDMP DAS. Three cables collect the data from the surface 
instruments and MDMP instruments. Three additional cables are used for output to the PDA or 
HP DAS. The pin connections for the different cables are presented in Appendix F. The 
following sections present a description of the cables and connections. 

4.5.2 Input Cables 

A 61-m (200~ft) main cable is used for all the wiring from the various MDMP measuring 
devices. A total of nine instrument signals from the three load cells, three internal 
accelerometers, slip joint LVDT, pore pressure transducer, and lateral pressure transducer are 
transferred via this cable. This cable is the brown line in Figure 28 and is referred to as the 
“down hole measurements” cable. The MDMP end of the cable is sealed with a watertight 
connection (MINO-44#20-CCP connector). The other end of the cable has an Amphenol 50-pin 
connector (#12 in Figure 28). This 50-pin connection connects to the #l 1 slot in the connection 
box. 

Surface measurements are recorded by two separate cables. The “surface static measurement” 
cable is a 21-m (70-A) PDA cable that combines the surface load cell (Lebow load cell) and the 
two surface DCDT wires at connection # 13. This combined cable is the blue line in Figure 28 
and connects to slot # 10 in the connection box. The other surface cable is referred to as the 
“surface dynamic measurements” cable (red line in Figure 28). This is another 21-m (70-R) PDA 
cable that combines one strain transducer and one piezoresistive accelerometer to the connection 
box in slot #9. 

4.5.3 Output Cables 

There are three output cables that route the various input signals to the HP DAS and PDA. Two 
output cables convey the dynamic signals to the PDA. These two cables are designated either as 
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piezoresistive (yellow line) or piezoelectric (green line). Refer to Section 3.4.2 for details on the 
difference between the two accelerometer types. These cables are specially manufactured for the 
PDA. The piezoresistive signal comection (#5) is routed from the connection box (slot #6) to 
the piezoresistive receptacle on the PDA (#2). This cable carries the signals from the tip load cell 
(strain gauge and accelerometer pair) in the MDMP and the surface strain gauge and 
accelerometer pair to the PDA. The piezoelectric signal connection (#3) is routed fkom the 
connection box (slot #4) to the piezoelectric receptacle on the PDA (#l). This cable carries the 
signals from the upper and middle load cells (strain gauge and accelerometer pair) in the MDMP 
to the PDA. All cables are compatible with the PDA, utilizing connector part numbers 
MS3101A22-14P and MS3106A22-14s. 

A 3-m (1 O-it> long output signal cable from the connection box to the HP DAS (purple line) was 
custom-made at UMass Lowell to record all signals other than the dynamic strain and 
acceleration signals. A 48-pin contact connection (part no. MS3 106A36-10s) (#7) connects to 
slot #8 on the connection box. The other end of the cable is a terminal block connection 
manufactured by HP (#14) that connects to the multiplexer in the HP DAS. During static 
loading, this cable routes signals from the surface static measurements (Lebow load cell and two 
DCDTs at the surface) and down hole measurements (three strain-gauged load cells, slip joint 
LVDT, pore pressure transducer, and total lateral pressure transducer from the MDMP) to the 
HP. During driving, this cable carries signals from the LVDT slip joint, pore pressure, and total 
lateral pressure. 

4.6 Static Loading System 

4.6.1 Overview 

The loading system provides tension and compression loads (and their reaction) for the MDMP 
static load tests. The static load tests are performed in order to measure the soil/pile interaction. 
When assessing gain of capacity with time, multiple load tests are conducted with the following 
requirements: (1) in order to assess the initial capacity, the first load test needs to be conducted as 
soon as possible after the MDMP installation is completed; and (2) as the gain of capacity of 
small piles is achieved during a short period (e.g., about 7 days for the MDMP), the load test 
needs to be of the “fast” load test type, not allowing creep or changes in stress to take place 
during the load test period. These requirements are accomplished with a pre-assembled portable 
load frame and hydraulic piston. The reaction is supplied from pre-installed ground anchors as 
detailed below. 

4.6.2 Loading Frame 

Figures 33a and b are a schematic and photograph of the static loading system, including the load 
frame, load application system, reaction system, and surface measurements. There are two steel 
plates made of type 4130 plate steel, each 25.4 mm (1 in) thick. The lower plate has five through 
holes, one in the center for the model pile to pass through and four in the corners for threaded 
support rods to be attached to the top plate. The top plate has several through holes as well. Like 
the bottom plate, it has a center hole for the pile to pass through and four holes for 
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Figure 33a. Schematic of the MDMP Static Load Frame. 

68 



Figure 33b. Photograph of the MDMP Static Load Frame. 

the threaded support rods. In addition, six holes are used to attach the double-acting ram to the 
top plate and four holes in the corners are used to attach the load frame to the anchor system. 
The threaded support rods used to connect the bottom and top plates are 91.44-cm- (36&r-) long, 
38. l-mm- (1.5~in-) all-thread rod with hex nuts to secure both ends. The four threaded support 
rods slide into four steel tubes (sleeves), 41.275~mm (1.625-i@ I.D. x 6.35~mm (0.25-i@ wall 
thickness x 76.2 cm (30 in) long, that separate the top and bottom plates. A threaded disk screws 
onto the top of the hydraulic ram. The disk has six threaded holes that match up with the six 
holes on the top plate of the loading plate. Six 25.4~mm- (1 .O-in-) threaded rods connect the disk 
to the top plate to secure the hydraulic ram. The machine drawing of load frame components is 
presented in Appendix C with the shop drawing of the MDMP. 

The t&me is designed to resist both upward loading (tension) and downward loading 
(compression). A loading rod is used to transfer loads from the hydraulic ram to the drill rods. 
The hydraulic ram is bolted to the loading frame. The loading rod bolts to the top of the ram, 
passes through the ram, and screws into the load cell and/or drill rods below. For tension 
loading, the ram pushes up on the bolted loading rod. The reaction load to this upward ram 
movement is transferred downward to the loading frame and ultimately the ground anchors 
provide the reaction load. For compression loading, the ram is extended prior to loading. The 
ram pulls downward on the bolted plate and transfers the load to the drill rods. The reaction load 
to this downward ram movement is transferred from the ram to the frame that is attached to 
ground anchors with turnbuckles. Four ground anchors, type 816 Chance 20.32-cm (S-in) No- 
Wrench Anchor, resist the upward load. The maximum load for the 25.4~mm (l-in) diameter rod 
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of each anchor is 160 kN (36,000 lb). The soil at the Newbury Site appears to be type 1 or 2, 
which correlates to an anchor capacity of 142 kN (32,000 lb) (Chance, 1992). 

4.6.3 Hydraulic Loading System 

A double-acting hollow-plunger hydraulic cylinder (Enerpac RRH-10010) is used to apply the 
load to the model pile. The ram has a capacity of 890 kN (100 tons) when advanced, 602 kN 
(67.7 tons) when retracted, and 254 mm (10 in) of travel. A two-speed electric high-pressure 
hydraulics pump (PowerTeamPEWlS) supplies the hydraulic . . pressure for the hydraulic cylinder. 
The hydraulic pump has three functions: advance, hold, and return. The hydraulic pump does not 
have a control to regulate the speed of the hydraulic cylinder. To control the speed of the 
cylinder, a flow control valve (Parker F600S) is placed in line with a maximum operating 
pressure of 34.5 MPa (5000 psi). The valve controls the flow of the hydraulic fluid in one 
direction and allows free flow in the opposite direction. The valve has different color bands that 
are used as a reference scale for quick adjustment. For fine adjustment, the first three full turns 
control at low flow and the next three full turns open the needle valve to full flow. Two of these 
valves are used to control the hydraulic cylinder in both directions so compression and extension 
static load tests are possible at a controlled displacement rate. 

4.7 Driving System 

A typical drop hammer and cathead is being used to drive the MDMP. The rated energy of the 
driving system is approximately 475 J (350 ftslb) (based on a ram weight of 0.623 kN (140 lb) 
and an average stroke of 0.762 m (2.5 fi)). Figure 21 is a schematic showing a typical drill rig 
drop hammer used in SPT exploration. The drill hole is advanced by conventional methods (e.g., 
standard wash and drive drilling). A 10.16-cm- (4-in-) diameter casing is then driven to the top 
of the testing zone. The hole is cleaned out and the MDMP is then attached to the drill rods and 
inserted to the top of the test zone. The MDMP is driven approximately 3.05 m (10 ft) (MDMP 
length) below the top of the testing zone. 
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CHAPTER 5. MDMP TESTS AT THE NEWBURY, MA SITE 

5.1 Site Overview and Location 

The first field deployment of the MDMP was conducted at a site located in Newbury, MA during 
March 1996. Refer to l?ipe 34 for the site iocus. The original construction of a multiple-span, 
reinforced-concrete bridge along Route 1 was completed in 193 5. This bridge was demolished _ _ ._ ___. _ _. I _ __. .._ .^ dmg ti. safe ($ 1gg6 md will be feplaced by a new bridge curenlrly bdiiig ediimaed it 

the site; The new bridge is being built to accommodate an extension of the Commuter Rail from 
Ipswich, MA and a new Commuter Rail station. 

The test location was chosen as the first test site for the MIX@ because it contained a 9- to 1% 
m= (30s to 4Oa fta) thick clay deposit close to the ground surface. This clay is ideal for assessing 
+&. pile capwity gab mcf piire ~~e~s;~~ disa~pa~~tion *ia be. In a&lition td tie MDMp testQ, 

full-scale instrumented piles will be tested at the site during future reseamh phases, Both test and 
production piles for the new bridge will be conducted at me same location as well. 

This chapter provides information regarding the subsurface soils at the site, predicted MDMP 
behavior prior to installation, and a description of the testing procedure and schedule. The test 
results are presented in Chapter 6, with analyses in Chapter 7. 

52 Previous Subsurface Expioration Program Studies 

_ ._ ^. pFevi6iis stibs..ck s..di.s iir~re conduc.ed ti tie 1g3o,s f . . f  ti.e (&@“” bfidge md eati iir 

1988 and 1992 for the new bridge; Supplemental borings were performed in 1996 during the 
construction phase of the new replacement bridge. The 1930’s study included six borings. A 
sods for ~~ initial ~~alil~tidn fog tZie f~~d~ti.dn offs ~~~l~~~~~nt b~d~a ‘wair; cd~~l~~d iii 

19% During this study5 six borings were completed and eight undisturbed samples were 
collected and tested. Additional subsurface testing was conducted in 1992, including 20 borings 
and 8 test pits (GZA GeoEnvironmental, 1993). 

5.3 UMass-Lowell Subsurface Exploration Program 

The UMass-Lowell conducted several borings (designated as NBl, NB2, NB4, and B5) to 
determine the soil prcdie and properties within the immediate vicinity of the proposed model p’lie 
test location. The boring designation NB2 was also used for the first MDMP test. The boring _ . _ - designation NB3 was used for the SeCoiid MDMP test at the same loCation ti boring NB2. . . . 
Figure 35 shows the location of the borings and the MDMP tests; A detailed subsurface 
investigation, with soil properties, will be presented by Chen (1997). The following sections outl& a. eirtdnt sf& &vest;tigatidn md tie majiir feame. pelated tii tie mMp te&g- 
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Test boring NB 1 was completed by New Hampshire Boring, Inc. of Londonderry, New 
Hampshire on September 25 and 26,1995. The boring was conducted to evaluate the 
stratigraphy at the site and to obtain geotechnical properties of the clay deposit for correlations 
with the modei piie tests. 

. . 
The boring was iocated approximateiy i2.2 m (40 R) west of the 

existing northern bridge abutment in a position that will remain accessible after the completion of ti. efitti. .gject, The b6@ wti tiitidly advticed iistig I h..ll~.--steii ~~~~~ ~~ B dw& 6f 
_ 

approximately 3 ,O5 m (10 ft) to the top of the clay. The auger was removed and i&16-cm (4&j 
I.D. casing was subsequently driven to a depth of 5.49 m (18 ft) below ground surface. The biiiag we fiefi ~vmced iishg iipfiw~61e &lriiig tecmQ..a tii tie biittiiits ..f& &- @--r at ~ 

depth of 1646 m (54 R) below ground surface; A l&16-cm (P-in) LD; casing was installed to 
stabilize the open hole as drilling continued until refusal was encountered at a depth of 3 1.09 m 
(102 ft) below ground surface. Split-spoon samples (S-l through S-14) were taken at generally 
1 X-m (5-8) intervals within the fill layer and again within the stratified sand/silt/clay and till 
layers below the clay. Undisturbed tube sampling (T-l through T-6) was performed within the 
clay depusit. In all, a total of 14 split-spurn and 5 undisturbed suil samples were successfully 
obtained. Table 16 provides a summary of the obtained samples with depth for NB 1. Upon - ._. . _ 
completion of the boring, an observation weii was h&&d to a dep& of&ii m (14.5 fi) below 
gruund surface. 

Test boring b@&i was completed by New %mpshire Boring, Inc. from &rch i i through lviarch 
18,1996 during the MDMP testing program. This boring was necessary to determine the depth - - _ _ _ - - -.& qmliv of&e &&&, fi, Ss@ll a fiiezotietef, tid fo G&&f tiofe iiiirlisw&d smples* me 

boring was initially advanced using a hollow-stem auger to a depth of approximately 305 m (10 
ft), corresponding to the top of the clay. The auger was then removed and 10.16acm (4Gn) I.D. 
casQwB su&+quently Mventii a&pfiaf4.2,m(14 fijbslawgriimd s&acea wshmd 
drive techniques were used to advance the boring to the top of the bedrock at a depth of305 m 
(100 ft) below ground surface. Split-spoon samples (B-l, S-l through S-15) were taken at 
generally 1.52-m (5-l%) intervals within the fill layer and again within the stratified sand/silt/clay 
and till layers below the clay. Undisturbed tube sampling (B-2, T-l through T-3) was performed 
within the clay deposit. In all, a total of 15 split-spoon and 3 undisturbed soil samples were 
successfully obtained. Table 17 provides a summary of the obtained soil samples with depth for 
NB4. Upon the completion of the boring, a Vibrating Wire piezometer and an observation well 
were installed to a depth of 10.24 m (33.6 fi) and 7.92 m (26 ft) below ground surface, 
respectively. 

Test boring NB5 was completed by New Hampshire Boring, Inc., between September 3 and 4, 
1996 in order to gather additional undisturbed samples in the clay layer. A 10.16-cm (4-i@ I.D. 
casing was installed to 2.74 m (9 ft) below the ground surface. The boring was advanced using 
an open-hole drilling technique to a depth of 14.94 m (49 ft) below ground surface where casing 
was installed at the end of the fast day. Undisturbed tube sampling (T-l through T-6A) was 
performed within the clay deposit and interbedded sand&h/clay deposit. In all, six undisturbed 
soil samples were successfully obtained. Table 18 provides a summary of the obtained soil 
samples with depth for NBS. 
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In addition, samples were recovered during the installation of the MDMP on March 6, 1996. 
Table 19 provides a summary of the obtained soil samples with depth for NB2. 

Standard penetration testing (SPT) was performed during split-spoon sampling to evaluate the 
resistance of the soil. SPT testing was conducted according to ASTM D 1586-84 using a 3.49- 
cm (1.37%in) I.D. split-spoon sampler typically driven 60.96 cm (24 in) with,a:l63.56-kg, 
(140-lb) hammer falling from a height of 76.2 cm (30 in). Field strength index testing using the 
pocket penetrometer and the torvane devices were performed on selected split-spoon and 
undisturbed soil samples obtained from the clay layer. 

The pocket penetrometer is a device that provides a quick measure of the unconfined compressive 
strength of a clay by failing the clay in a “punching” mode under normal stresses. The unconfined 
compressive strength is theoretically twice the undrained shear strength. The torvane device 
provides a rough estimate of the undrained shear strength of a clay by failing the clay in a 
rotational “shearing” mode. In all, a total of six torvane and four pocket penetrometer tests were 
completed in the field. In addition, three field vane shear tests (FV-1 through FV-3) were 
penformed in the upper portion of the clay stratum. 
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5.3.2 Groundwater Monitoring 

Several monitoring wells were observed by the UMass-Lowell to determine the groundwater 
elevation. An existing well with a 50.8~mm (Z-in) PVC riser was located at the site (marked as 
“Observation Well” on Figure 35). This well was monitored until its apparent destruction during 
the construction of the replacement bridge. The monitoring well installed in NBl was 
constructed with a 50.8~mm (2-i@ PVC wellscreen attached to a solid PVC riser. The well is 
4.42 m (14.5 ft) deep with a 3.05-m- (1 O-R-) long PVC wellscreen, measured from the bottom 
upwards. The annular area above the screen between the well and the soil was sealed with 
bentonite. At NB4, a vibrating wire piezometer was installed to a depth of 10.24 m (33.6 ft) with 
approximately 0.305 m (1 R) of sand placed above and below the piezometer. Bentonite pellets 
were used to seal the sand zone above and below the piezometer. The monitoring well in NB4 
was installed to a depth of 7.92 m (26 ft) with 1.22 m (4 ft) of 50.8~mm- (2-in-) diameter PVC 
wellscreen and 6.71-m- (22-e-) PVC riser. Bentonite pellets were used to seal above and below 
the wellscreen to ensure that the pore water pressure in the clay is measured. A roadbox set in 
cement was used as a cover to protect each well. The locations of the monitoring wells are 
shown in Figure 35. 

5.4 Typical Subsurface Stratigraphy 

Figure 36 presents the soil stratigraphy at the model pile test location. This stratigraphy is based 
on borings NB 1, NB2, NB4, NB5, and other borings performed in the vicinity during previous 
subsurface studies. Figure 37 presents a soil profile based on four borings along the center line 
of the proposed construction. Referring to Figures 36 and 37, the general soil profile at the 
model pile test location (from ground surface downward) consists of the following soil strata: 
2.44 m (8 fi) of granular fill composed of very dense, brown sand and gravel intermixed with 
frequent concrete fragments, overlying a thin layer (approximately 0.3 m (1 rt>) of highly 
compressible organic silt and peat. Below the fill and organics is an approximately 13.72-m- 
(45-f&) thick deposit of a marine clay, known as Boston Blue Clay. The clay consists of 
approximately 2.74 m (9 ft) of medium stiff to very stiff, over-consolidated layer (crust), over 
6.10 m (20 Et) of very soft to soft, plastic, normally to slightly over consolidated clay and 4.88 m 
(16 ft) of soft, plastic, normally consolidated clay. An interbedded deposit of silt, fine sand, and 
silty clay approximately 2.90 m (9.5 ft) thick underlies the clay. Below this interbedded deposit 
is a layer of silty sand approximately 2.44 m (8 ft) thick. Another interbedded deposit of silt, fine 
sand, and silty clay approximately 2.29 m (7.5 R) thick underlies the silty sand. Below this 
interbedded deposit is a layer approximately 2.44 m (8 ft) thick of medium dense to dense, fine to 
medium sand. Underlying the fine to medium sand is a dense glacial till consisting of medium 
dense to dense, fine to coarse sand and gravel, with traces of silt and rock fragments. Based on 
the subsurface information within the vicinity of the model pile test location, mylonitic, basalt 
bedrock underlies the glacial till. 
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Figure 36. Representative Soil Stratigraphy at the Newbury MDMP Test Site 
(Chen, 1997). 
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Groundwater was periodically measured in the monitoring wells near the MDMP test area for the 
time period between March 5,1996 and September 4,1996. Additional measurements carried 
out at the site will be presented in subsequent reports. Based on these groundwater 
measurements, a relationship of groundwater elevation versus time is presented in Figure 38. 
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Figure 38. Groundwater Elevations at the Newbury Test Site. 

5.5 Engineering Properties of the Clay at the Newbury Test Site 

Laboratory and field tests are being conducted and analyzed by Yu Lin Chen at the UMass- 
Lowell and will be presented in subsequent reports. The aim of this study is to determine the soil 
properties at the Newbury test site. Table 20 presents the preliminary test results of natural water 
content, Atterberg Limits, unit weight, shear strength based on various methods, sensitivity, and 
Over Consolidation Ratio (OCR) for the clay layers at the Newbury site. Figure 39 presents the 
profile of the maximum past pressure with depth in the clay layer. Figure 40 presents a profile of 
calculated and measured undrained shear strength with depth for the clay layer. 

The calculated values are based on prelimmary results of Direct Simple Shear (DSS) tests that 
were performed on samples at depths of 9.37 m (30.75 fi) and 13.03 m (42.75 fi) by Don De 
Groat of Umass-Amherst. Based on the obtained test results, stress history and normalized soil 
engineering properties (SHANSEP) (Ladd and Foott, 1974) relationships were developed. For 
the sample depth of 9.37 m (30.75 fi) the recommended relationship is: 
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Table 20. Summary of Soil Properties at the Newbury Site (based on the preliminary test 
results of Y.L. Chen). 

Overconsolidated 
I 

Solt Nc 

Clay Layer Consolidr 

. - - -_ 
mnally 
ated clay T 

21-47 I 39-51 I 22-39 I 

035-4386 Qsf 
130-375 kPa 

I 418-522 psf 
45-55 kPa 

313 psf 
30 kFa I 

2-7 I l-l.8 

i 

Remarks: UU Test - Unconsolidated Undrained Triaxial Test 
UC Test - Unconfined Compression Test 
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Figure 39. Profiles of Vertical Effective Stress, Maximum Past Pressure, and OCR 
at the Newbury Site (Chen, 1997). 
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Figure 40. Profiles of Vertical Effective Stress, and Calculated and Measured 
Undrained Shear Strength at the Newbury Site (Chen, 1997). 
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S -k = 0.1 fj2* C)CR0*72 
%’ 

(5.1) 

For the sample at a depth of 13.03 m (42.75 fi), the recommended relationship is: 

S 2 = 0.184* c&yp-72 

0”’ 

In both cases, the DSS tests at the Newbury Site yielded lower strength parameters than the 
following typical relationship used for Boston Blue Clay (BBC): 

S --E- = 020 & ().()l* OCR0~72*0*05 
Q”’ 

(5.2) 

(5.3) 

Using equation 5.1 as a representative relationship for the soft, normally consolidated clay layer 
(between depths of 5.49 m (18 fk) and 11.58 m (38 ft)) and equation 5.2 to represent the 
underlying normally consolidated layer (between depths of 11.58 m (38 fk) and 16.46 m (54 ft)) 
leads to the calculated undrained shear strength shown in Figure 40. These calculations make 
use of the OCR values presented in Figure 39. The calculated values in Figure 40 seem to 
compare well with the laboratory tests, suggesting that the DSS tests and SHANSEP relationship 
provide a reasonable description of the undrained shear strength of the clay layers at the Newbury 
test site. For the MDMP test NB2 that was conducted at a depth (to radial stress measurement) 
of 7.39 m (24.25 Et), the representative soil parameters are 0CR~1.7 and S, = 21.3 kPa (30.9 
psi). For the MDMP test NB3 at a depth (to radial stress measurement) of 10.45 m (34.3 ft), the 
representative soil parameters are OCR=1 and S, = 19.1 kPa (2.77 psi). Both relationships are 
based on equation 5.1. 

5.6 Predicted Behavior of the Multiple Deployment Model Pile 

56.1 Overview 

The MDMP’s expected behavior was evaluated prior to deployment to determine the range of 
measurements and to develop a schedule of testing. This assessment “prediction” was based on 
the findings and methodology presented in an earlier phase of the time-dependent pile capacity 
research (Paikowsky et al., 1995). The present section provides the details of this evaluation as it 
pertains to the magnitude of excess pore pressure, time and dissipation rate of the excess pore 
pressure, and capacity gain rate and time. 

5.42 Estimated Increase in Pore Water Pressure Due to Driving 

Figure 41 presents the initial excess pore pressure distribution for clays with an OCR range of 1 
to 10 and pore measurement at a distance of 17 radii or more from the pile tip (representing the 
“shaft” condition along the pile). The data in Figure 41 suggests that the ratio of average initial 
excess pore pressure to vertical effective stress for a large variety of clays (79 cases) can be 
estimated to be: 
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Figure 41. Initial Excess Pore Pressure Distribution (oniy readings for l<OCR<lO 
included) (Paikowsky et al., 1995). 
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Aui 
- = 2.29 f 0.57 
0”’ 

(1 S.D.) (5.4) 

The effect of OCR on the ratio of initial excess pressure can be estimated through the 
relationship presented in Figure 42. 

AUi 
I = 1.90 + O.l54(oCR) 
ov 

(5.5) 

Based on the MDMP installation depths to the pressure transducer and total pressure cell of 7.39 
and 10.45 m (24.25 and 34.30 fi), the total and hydrostatic press%es at these depths are 146.85 
and 205.21 kPa (21.30 and 29.76 psi) and 57.02 and 87.43 kPa (8.27 and 12.68 psi), respectively. 
These values lead to a vertical effective stress of 89.83 and 117.78 kPa (13.03 and 17.08 psi) for 
depth to pressure instruments of 7.39 and 10.45 m (24.25 and 34.30 fi), respectively. 
Considering equation 5.4, the expected magnitude of the initial pore pressure is 205.71 and 
269.72 kPa (29.83 and 39.12 psi). Based on laboratory tests and equation 5.5, the soil at a depth 
of 7.39 m (24.25 ft) has an OCR=2 (corresponds to Au/o: = 2.21), while the soil at a depth of 
10.45 m (34.3 ft) has an OCR=1 (corresponds to Au/& = 2.05). Considering equation 5.5, the 
expected magnitude of the initial pore pressure is 198.34 and 241.92 kPa (28.77 and 35.09 psi). 

56.3 Estimated Time for hkcess Pore Water Pressure Dissipation 

The MDMP is designed to capture the pore pressure increase due to penetration and the 
subsequent dissipation of the excess pore pressures. From the data compiled and analyzed by 
Paikowsky et al., 1995, the rate of pore pressure dissipation can be used to estimate the time 
required for the excess pore pressure to dissipate. The method presents normalized excess pore 
pressure relative to the initial excess pore pressure after penetration. When plotted on a semi-log 
plot, the best fit line from 20% to 80% dissipation represents the linear portion of the curve. The 
equation of the line is: 

Au 
- = -H, log,,(t) 
AUi (5.6) 

where: Au = excess pore pressure at any time “t’ 
Aui = initial excess pore pressure 
Hut = horizontal pore pressure dissipation parameter 
t = time after pile driving (seconds) 

Utilizing data from the test in Boston Blue Clay, the horizontal pore pressure dissipation 
parameter, Hut, is 0.49WO.067. To reference the rate to time scale, the time at 50% dissipation, 
tso, for BBC is 1.57 h k0.334 h. This data was normalized to a pile with a radius of the PLS cell 
(equal to ls9.177 mm). To correct the time of 50% dissipation to the size of the MDMP with a 
radius of ‘3 8.1 mm, the following equation is used: 
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t1 0 
2 

r1 -= - 

t2 r2 
(5.7) 

where: tl = elapsed tune since driving adjusted to a standardized pile size 
t2 = actual time since driving for a known pile 
r-1 = radius of standardized pile 
r2 = radius of a known pile 

Substituting the geometrical relationships of the PLS cell and the MDMP into equation 5.7 leads 
to: 

t,, = (--)2tmm = ( 1;;e;z)2tmw =(0.253)tmW (5.8) 

The adjusted time to 50% dissipation of the excess pore pressure around the MDMP is therefore 
tso = 6.21&l .32 h. Using the range of tso and the average dissipation rate of Hut = 0.498 leads to 
the estimated range of dissipation time presented in Figure 43. According to the obtained 
relations, 80% of the excess pore pressure will dissipate after about 25 h, with a possible range 
(based on 1 S.D.) between 18 and 35 h. 

5.64 Estimated Time for Capaciw Gain 

In order to assess the rate of capacity gain, Paikowsky et al. (1995) obtained the relationship 
between the ratio of the pile capacity to the maximum capacity over time. These relationships 
allow the prediction of the pile capacity gain with time using a process similar to that used for the 
prediction of the, pore pressure dissipation with time. 

The estimation of the time required for the MDMP capacity gain is based on the following 
relationship between the rate of gain and the normalized capacity: 

R s(t) 
- = c, log,,(t) R (5.9) 

smax 
where: Ret) = pile shaft capacity at any time ‘0 after driving 

R smax = maximum pile shaft capacity 
C, = parameter representing the rate at which the pile gains capacity 
t = time after pile driving (hours) 

The data on which Cgt is based requires the measurement of capacity with time after driving, 
which is difficult to obtain. The correct relationship of equation 5.9 should be based on the skin 
friction at a zone along the pile for which the assumption of radial consolidation is valid. While 
these values are measured by the MDMP, they were not readily available for many cases. 
Therefore, the Cgt parameter evaluation was carried out in the following ways: 

(1) Based on data related to the total pile capacity: Cgt = 0.38911~0.119 (1 S.D.) (for 15 cases). 
(2) Based on data related to the friction along the pile: Cgt = 0.356kO.088 (1 S.D.) (for 17 

cases). 
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Figure 43. Predicted Pore Pressure Dissipation and Capacity 
Gain for the MDMP at the Newbury Site. 
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The values used for evaluation of the MDMP are based on the average from all data where Cgt = 
0.367*0.096 (for 39 cases). 

In order to align the dissipation rate to a specific time, the time to 75% capacity gain was used by 
Paikowsky et al. (1995). This time was found to be: 

(1) Based on data related to the total pile capacity: t75 = 385.01t226.3 h (1 S.D.) (for five 
cases). 

(2) Based on data related to the friction along the pile: t75 = 539.5k336.2 h (1 S.D.) (for 12 
cases). 

The values used for evaluation of the MDMP are based on the data when measurements of 
friction along the shaft of the pile were analyzed, where t75 = 539.5k336.2 h (for 12 cases). 
These times are all related to a 30.48~cm- (12&i-) diameter pile. Equation 5.7 can be used to 
adjust t75 to the MDMP size as shown in equation 5.10: 

(5.10) 

The resulting value of t75 = 33.7h21.0 (1 S.D.) hs was used to develop Figure 43. 

The relationship shown in Figure 43 is based on Cgt = 0.356 and t75 = 33.7k21.0 h (1 S.D.). This 
suggests that 80% of the MDMP maximum frictional capacity will be obtained about 47 h after 
driving, with a possible range of 17.6 to 75.6 h. 

5.7 MDMP Testing Procedure 

X7.1 Overview 

The MDMP testing program was conducted during March 1996. The tests were conducted at the 
locations marked as NB2 and NB3 (adjacent to the location of boring NBl) as shown in Figure 
35. The drilling, installation, and removal of the MDMP were carried out with the assistance of 
New Hampshire Boring, Inc., of Londonderry, New Hampshire. 

Personnel and Data Acquisition Systems were housed in a tent supplied by the Army Research 
Labs in Natick, MA. A kerosene heater was used to keep the equipment above freezing 
temperatures. Power was supplied via two portable generators. Major weather variations took 
place during the testing, including 0.61 m (2 fi) of snow in the frost week of testing, followed by 
rapid snow melt. Figure 44 presents three photographs depicting the general layout of the site. 
Figure 44a shows the site as equipment was delivered and the DAS was assembled in the tent. 
Figure 44b was taken during a snowstorm while the drill rig was in place over NB4. The blue 
structure attached to the drill rig was temporary protection around the static load fixme during 
MDMP test NB2. Figure 44c shows the static load Game with the independent reference beam. 
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Figure 44. Site Layout During MDMP Tests at the Newbury Site: (a) Initial Setup, (b) 
During Snowstorm, and (c) Static Load Test. 
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The purpose of the testing program was to measure the excess pore pressure dissipation, the gain 
of capacity with time, and soil and pile responses during installation and removal. The tests at 
the Newbury site were conducted in the soft to medium normally consolidated clay, representing 
easy driving conditions. Although the MDMP was designed to be advanced to any desired depth 
using drill rods, the test hole was cased to the bottom of the drill rods, ensuring that soil friction 
did not develop along the rods. Figure 45 shows the steps of a typical MDMP installation and 
testing performed at the Newbury site. 

5.7.2 General Test Plan 

The first step involved drilling a vertical 10.16-cm- (4-in-) diameter cased hole through the fill 
region to approximately 3.05 m (10 A) below the ground surface. Next, four helix anchors for 
the static load test frame were installed. Due to existing concrete outwash in the fill, it was 
necessary to pre-auger holes, place the four anchors, and then backfill with ready-mix concrete to 
secure the anchors. Drilling was then continued through the stiff upper clay. Split-spoon 
samples were gathered in the stiff clay as drilling proceeded to determine the transition zone from 
the stiff yellow desiccated overconsolidated clay to the soft to medium blue clay. The transition 
was identified approximately 5.49 m (18 ft) below the ground surface. The casing was then 
driven and washed out to a depth of 6.25 m (20.5 ft) below the ground surface. 

The 6 1 -m (200-ft) instrumentation cable was threaded through the drill rods. The rods were 
attached to the MDMP and lowered into the cased hole. The top of the drill rod was 
instrumented with strain gauges and accelerometers as part of the dynamic measurements. The 
borehole was completely filled with water and the MDMP was held in place in order to stabilize 
the temperature of the instrumentation and check the data acquisition system. 

The MDMP was then driven with a 0.623~kN (140-lb) safety hammer (see Figure 46a). The 
PDA was used to measure the force and velocity in the rods at the surface and inside the MDMP 
during driving. The initial hammer stroke was 15.2 cm (6 in) and was increased to 30.5 cm (12 
in) and then again to 45.7 cm (18 in) after inspection of the stresses measured by the PDA. The 
driving stresses were kept between approximately 138 and 207 MPa (20 and 30 ksi) to avoid 
damage to the MDMP sensors. Driving continued until the entire instrumented section of the 
MDMP was driven deep enough into the clay and the top of the drill rods reached the level 
required to attach the pile to the static load frame. Monitoring of the MDMP during driving was 
accomplished with an additional Pile-Driving Analyzer on loan from the Federal Highway 
Administration. 

A 222.4&N (50,000-lb) load cell was attached between the drill rod string and the drill rig 
connection. Two displacement transducers were fured to a reference beam and positioned to 
measure the vertical movement at the top of the drill rod string. The initial static load test was 
completed with the drill rig applying the loading force at a slow rate. 
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Figure 45. Steps for Installation and Testing of the MDMP at the Newbury Site. 
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The assembled static load frame was lifted in place, screwed to the anchors, and attached to the 
MDMP (see Figures 46a and b). Several static load tests were conducted with increasing time 
intervals between tests. Each load test was performed in tension at a near constant load rate for a 
predetermined amount of displacement (usually 12.5 mm). The intervals between static load tests 
were determined as the test progressed to assess the gain of capacity with pore pressure 
dissipation. A final load test was pefiormed when the excess pore pressure due to installation had 
dissipated. The final load test consisted of a series of rapid cyclic loading and unloading cycles to 
determine the pile capacity independent of the strain rate. Before the removal of the MDMP, the 
pile was driven again (restrike) and dynamic measurements were recorded with two PDAs. 

For both MDMP tests NT32 and NB3, measurements of force, displacement, total lateral pressure, 
and pore pressure were recorded continuously by the BP DAS after the pile had been successfUlly 
driven. During driving and restrikes, two PDAs were used to monitor the three internal load cells 
and accelerometers, and the additional strain gauges and accelerometers at the top of the drill 
rods. The total lateral pressure and pore pressure were also recorded by the HP DAS during 
driving and restrikes. 

5.7.3 Testing Procedure for the MDMP During Test NBZ 

On March 6, 1996, the first of two model pile tests was conducted at the Newbury site. A 
borehole was washed and cased to a depth of 6.25 m (20.5 fi) below ground surface. The 
MDMP was inserted into the cased hole and came to rest so that the tip was 6.50 m (21.34 ft) 
below the ground surface. The PDA gauges were attached and the MDMP was allowed to 
stabilize for 1 h and 5 min. A safety hammer was used to install the MDMP with an increasing 
stroke of 15.2, 30.5, and 45.7 cm (6, 12, and 18 in). During driving, the pile penetrated a total of 
2.57 m (8.42 fi) in 8.78 min. The initial load test using the drill rig started at 25.23 min after the 
start of driving. The pile was pushed 53.1 mm (2.09 in) to ensure that the slip joint was 
completely closed, and then pulled in two steps for a total 133.9 mm (5.27 in) until the slip joint 
was completely open. At the end of the tension load test, the slip joint immediately collapsed 
under the self-weight of the pile when the pile was disconnected from the drill rig. Forty minutes 
after the start of driving, the MDMP was pushed approximately 15.2 cm (6 in) to allow proper 
attachment with the hydraulic ram and static load frame. At this point, the static load frame was 
moved into place and the pile was connected. During the connection process, some unrecorded 
displacement may have taken place. Once the static load frame was properly attached, the 
MDMP tip was at a depth of 9.3 1 m (30.56 ft) below ground surface. 

For approximately the next 6 days, the MDMP was continuously monitored using the HP DAS. 
Eleven static tension load tests were performed using the static load frame. Table 21 shows the 
time, displacement, and rate of movement for all tests. Following load test #l 1, the final load test 
was performed 137.7 h after the start of installation. The final load test consisted of a series of 
alternating compression tests to failure, followed by tension tests to decrease the load at the top 
of the pile to approximately zero. Table 22 shows the time, duration, delay between each 
movement, displacement, and average displacement rate of all of the tests in the final load test 
sequence. 
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Figure 46. (a) MDMP Being Driven and (b) Static Load Frame Assembled. 
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Table 21. The MDMP Static Load Tests During Test NB2. 

Table 22. The MDMP Final Loading Sequence During Test NB2. 

Following the fmal sequence of static load tests, a restrike test was performed. 
driven 40.64 cm (16 in) using a 45.7-cm (1 S-in) stroke. 

The pile was 
The pile was then removed Corn the 

borehole utilizing the safety hammer to “bump up” the MDMP and drill rods to break soil 
resistance. A cake of clay was observed around the pile equal to the I.D. of the casing. 
the clay cake was removed, the porous stones were missing. 

When 
However, the soil did not appear to 

have entered the ducts that connect the porous stone cavity to the pressure transducer. 
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During the installation of the pile, damage occurred to the load cell at the tip of the MDMP. This 
was evident by the increasing load measured during the entire time the pile was in place. After 
examining the load cell, one of the strain gauges was found to be damaged. The total pressure 
cell was also damaged at some point during the test, most likely during the removal of the 
MDMP. 

5.7.4 Testing Procedure for the MDMP During Test NB3 

On March 13,1996, the second of the two model pile tests was conducted at the Newbury Site. 
The same borehole used in the first test was washed and cased to a depth of 9.30 m (30.5 fi) 
below ground surface. The MDMP was inserted into the cased hole with its tip resting at 9.58 m 
(3 1.42 ft) below the ground surface. The PDA gauges were attached and the MDMP was 
allowed to stabilize for 1 h and 42 min. A safety hammer was used to install the MDMP using a 
stroke of 45.7 cm (18 in). During driving, the pile penetrated a total of 2.23 m (7.33 ft.) in 5 min. 
Six additional blows were required to set the pile to the fmal depth for attachment to the static 
load frame. The initial load test, utilizing the drill rig, started 21.52 min after the start of driving. 
The pile was pushed 97.5 mm (3.84 in) to ensure that the slip joint was completely closed. At 
this point, the static load frame was installed and the pile was connected to the hydraulic ram. 
The connection process was changed to limit displacement that occurred during the first testing 
sequence. The new connection procedure involved attaching the loading rod to the drill rod 
string and then moving the ram up enough to bolt the loading rod to the ram. Unfortunately, 
there was slack between the loading rod and the hydraulic ram because of problems encountered 
in leveling the static load frame. This may have caused the erroneous displacement measurement 
observed during load test # 1. Another factor that may have affected this reading is that the two 
DCDTs at the pile head may not have been properly secured to the reference beam. After load 
test #l was completed, the MDMP tip was at a depth of 12.3 m (40.42 fi) below ground surface. 

For approximately the next 5 days, the MDMP was continuously monitored using the HP DAS. 
Nine static tension load tests were performed using the static load frame. Table 23 shows the 
time, displacement, and rate of movement for all nine static load tests. Following load test #9, 
the final load test was performed 119.4 h after the start of installation. The fmal load test 
consisted of a series of alternating compression tests to failure, followed by tension tests to 
decrease the load at the top of the pile to approximately zero. Table 24 shows the time, duration, 
delay between each movement, displacement, and average displacement rate of all of the tests in 
the fmal load test sequence. 

After the entire sequence of static load tests, a restrike test was performed on the MDMP with the 
0.623~kN (140-lb) safety hammer. The pile was driven 1.22 m (4 ft) using a 45.7-cm (IS-in) 
stroke. The pile was then removed f?om the borehole utilizing the safety hammer to “bump up” 
the MDMP and drill rods to break soil resistance. A cake of clay was observed around the pile 
equal to the I.D. of the casing. 

The porous stones did not fall out this time since thicker stones (10.2 mm) were used during the 
second test. The stones were approximately 5.1 mm thick in the frost test. The lower load cell 
and total pressure cell did not function properly during any part of the second test. 
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Table 23. The MDMP Static Load Tests During Test NB3. 
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Table 24. The MDMP Final Loading Sequence During Test NB3. 
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CHAPTER 6. NEWBURY SITE TEST RESULTS 

6.1 Pore Pressure Measurements 

61.1 Overview 

The pore pressure measurements were recorded throughout the entire tests. The data were 
assembled into a spreadsheet and a calibration factor of 48.7146 kPa/V (7.0652 psi/V) was 
applied to the raw data (see Appendix D for the pressure gauge calibration). The zero voltages of 
1.600216 and 1.539500 V were determined in the field before the pile driving of tests NB2 and 
NB3, respectively. Initial measurements were taken while the pile was standing in the water- 
filled borehole and the accuracy of the measurement was determined based on the known head. 
The temperature was below freezing during both installation periods. The glycerin/water mixture 
was effective and the liquid did not freeze. 

61.2 Pore Pressure Resulti for the MDMP Test NB2 

The measured pore pressure is presented in Figures 47 and 48, versus logarithmic and linear time 
scales, respectively. Table 25 provides the codes identifying the events during the test as marked 
in the figures. Figure 47 shows that before driving, while the pile is standing in the cased water- 
filled borehole, the measured pressure is 44.54 kPa (6.46 psi). Based on 4.70 m (15.41 fi) of 
head, the expected pressure is 46.06 kPa (6.68 psi). This difference in pressures corresponds to a 
3.3% or approximately 150~mm (6-in) head and may be due to a falling head as water drained 
from the borehole. From Figure 48, it is apparent that the excess pore pressure has almost 
completely dissipated by the end of the test (approximately 90 h after the start of installation). 
The measured pore pressure at the end of the dissipation period was 5 1.02 kPa (7.4 psi). As 
indicated in Figure 38, the groundwater table at the site varies possibly due to a gradient toward 
the surrounding lower wetlands. The range of hydrostatic pressure at the site during the 
monitoring period of March 5 to March 26, 1996 was 55.92 kPa (8.11 psi) to 58.68 kPa (8.51 
psi) (3.76 m (12.33 fi) to 4.04 m (13.25 It) National Geodetic Vertical Datum (NGVD)). The 
average groundwater elevation for that period is 3.87 m (12.69 R) NGVD, resulting in an 
expected hydrostatic pressure at the end of the test of 57.02 kPa (8.27 psi). 

Table 25. Legend of Events for Pore Pressure Build-Up and Dissipation With Time for 
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Figure 47. Pore Pressure Build-Up and Dissipation With Time 
for Model Pile Test NB2. 
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Figure 48. Pore Pressure Build-Up and Dissipation With Time 
for Model Pile Test NBZ. 
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The maximum pore pressure following the completion of driving was 201.3 kPa (29.2 psi). After 
the initial load test, the pile was pushed approximately 150 mm (6 in) to allow proper connection 
to the static load f?ame. As a result, the pore pressure increased to 217.3 kPa (31.5 psi). 

6.1.3 Pore Pressure Results for the MDMP Test NB3 

The pile was removed at the conclusion of test sequence NB2 and the porous stones were 
missing. The MDMP was transported back to UMass-Lowell Geotechnical Laboratories, where 
the porous stones were replaced on March 12,1996. The pore pressure element had been de- 
aired overnight and the MDMP was installed the following day (March 13, 1996). A zero 
voltage reading of 1.539500 V was taken before the pile was lowered into the water-filled 
borehole. The measured pore pressure is presented in Figures 49 and 50, versus logarithmic and 
linear time scales, respectively. Table 26 provides the codes identifying the events during the test 
as marked on the figures. From Figure 49, the measured pressure while the MDMP was 
stabilizing in the water-filled case hole was 80.71 kPa (11.706 psi). Based on 7.77 m (25.49 ft) 
of head, the calculated pressure was 76.19 kPa (11.05 psi), which corresponded to a 5.9% 
difference in pressure. Again, these are based on the assumption that the borehole was 
completely filled. At the end of the test, as shown in Figure 50, the excess pore pressure 
dissipation appears to be complete. The measured pore pressure at the end of the test is 92.46 
kPa (13.41 psi). The range of hydrostatic pressure at the site during the monitoring period of 
March 5 to Mar’ch 26, 1996 was 86.33 kPa (12.52 psi) to 89.08 kPa (12.92 psi) (3.76 m (12.33 A) 
to 4.04 m (13.25 Et) National Geodetic Vertical Datum (NGVD)). The average groundwater 
elevation for this period was 3.87 m (12.69 ft) NGVD, resulting in an expected hydrostatic 
pressure at the end of the test of 87.43 kPa (12.68 psi), which corresponded to a 5.8% difference 
relative to the measured value. 

The maximum pore pressure measured following driving was 224.0 kPa (32.49 psi). 

Table 26. Legend of Events for Pore Pressure Build-Up and Dissipation With Time for 

6.1.4 Common Pore Pressure Behavior of the Two Tests 

Figures 47 and 48, as related to NB2, show that from Load Test #l (event 7) to Load Test #9 
(event 15), an increase in pore pressure resulted from each load test, while Load Tests # 10 (event 
16, about 91 h after driving) and #l 1 (event 17) resulted in a decrease in pore pressure. Figures 

104 



I  I  I  -T I I , 

3 8 z 3 f3 2 x v) 0 

(pd) a.mssa.x~ WOd 

Figure 49. Pore Pressure Build-Up and Dissipation With Time 
for Model Pile Test NB3. 
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49 and 50, as related to NB3, show that the later load tests, Load Test #4 (event 11, about 15 h 
after driving) to Load Test #9 (event 16), indicate a sudden decrease in the pore water pressure 
due to each static load test. This could be caused by the different soil properties - NB2 was 
tested in medium to soft clay, while NB3 was tested in soft clay. The change in behavior during 
one set of testing (e.g., NB2) indicates the variation of soil properties with time. Initial 
remolding after driving leaves the soil in a normally consolidated state and, hence, results in a 
positive pore pressure during shear. With time, the pore pressure dissipates and the soil 
consolidates, thus becoming overconsolidated. As a result, subsequent shearing results in 
dilation and reduction in pore water pressure. 

In all cases, visual inspection suggests that the pore pressure dissipation rate is not affected by 
the sudden short-duration pore pressure changes that resulted from the static load tests. Since all 
the pore pressure changes during the static loading of the MDMP test NB2 are relatively small, 
their possible effect on the capacity gain process does not seem to be pronounced. The effect of 
the load testing on the soil’s shear strength is not entirely clear. On one hand, the cyclic loading 
with time may contribute to increased soil strength; on the other hand, the aforementioned pore 
pressure behavior and changes with time suggest that the tests themselves have a very limited 
effect on the entire capacity gain process. In cases where the pore pressure decreased during a 
static load test, the behavior was similar and the pore pressure increased back to the pre-load test 
pore pressure level within a very short time. The effect of the static testing on the excess pore 
pressure and capacity can be further examined through MDMP test NB2, where the pile was 
pushed 15.24 cm (6 in) and the pore pressure increase was significant (see Figure 47, event 6). 
The rate of pore pressure dissipation does not appear to be affected by the change (slope of the 
line on a log time scale), but the actual time required to allow for the additional pore pressure 
dissipation has increased the total time required for the initial dissipation of the excess pore 
pressure due to driving. 

During driving of the MDMP, sharp spikes were recorded by the pore pressure transducer (see 
Figures 47 and 49). These spikes are caused by the stress wave traveling through the pile as a 
result of the hammer impact. The smaller magnitude of these spikes compared to the stress wave 
is due to the fact that the pressure transducer measures only the effect of the driving on the 
glycerin/water mixture and is not directly exposed to the stress wave. Also, an important 
observation from the driving is that even though there are sharp spikes in the recorded data, the 
average response corresponds well to the actual pressure at each elevation. Before the pore 
pressure cell penetrates the soil, the majority of the data appears to measure the actual water 
pressure of the standing head of water in the borehole. 

6.2 Radial Stress Measurements 

6.2.1 Total Stress 

The total radial stress cell presented difficulties due to complications caused by cold weather and 
snow (temperature was below freezing). A zero voltage of -0.000812 V, was taken along with 
the pore pressure zero voltage. The calibration constant used in the data reduction was 64527.16 
psi/V (see Appendix D). The total radial stress cell utilizes O-rings to maintain a watertight 
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environment. During the period when the zero voltage was obtained, the MDMP was subjected 
to a prolonged period (approximately 48 h) of below-freezing temperatures. Changing properties 
of the O-ring and possible freezing of internal moisture appears to have led to an erroneous zero 
voltage. This is evident when observing Figures 5 la and 52a. Using the above-zero reading, the 
initial total pressure measured while the pile was standing in the water-filled borehole is -5 1.71 
kPa (-7.5 psi). This value is meaningless as it should be equal to the water head in the casing 
and, hence, the pore pressure measurement. The data were adjusted in Figures 5 1 b and 52b so 
that the measured radial stress was equal to the pressure head in the casing by shifting the curve 
up 98.39 kPa (14.27 psi). The negative pressures measured before the driving of the MDMP can 
be explained by a temperature increase. The higher temperature in the water relative to the air 
caused an elongation of the aluminum dogbone on which the strain gauges are mounted. This 
elongation resulted in tension in the strain gauges or a measurement of increased negative 
stresses (compression stresses are positive). An additional correction was made in Figures 5 1 b 
and 52b at 0.182 h after the start of the test to adjust for a sharp increase of 52.4 kPa (7.6 psi). 
The data from 0.182 h to the end of the test was shifted down to compensate for the sharp 
increase. This correction may not be valid since the actual cause of the sudden stress change is 
unknown and the original measurements may very well correspond to the correct pressure. The 
change may be a result of the cell overcoming the added resistance (stick) of the O-rings due to a 
temperature increase and thawing of the ice, allowing the realignment of the moving components 
combined with an actual increase in total pressure. Afier the sudden increase (jump), the total 
radial pressure measurements appeared to be consistent with a few sudden large changes. In 
spite of the adjustments presented in Figures 5 1 b and 52b, the recorded data in Figures 5 1 and 
52, from about 11 min after the start of installation, are valid. At the end of the test, the total 
radial stress cell was examined and one strain gauge was found to be loose. During attempts to 
refasten the strain gauge, the total radial stress cell was damaged beyond immediate repair. 
MDMP test NB3 was conducted without a functioning total radial stress cell. 

From Figure 5 1 a, the unadjusted total radial stress remained at a near constant pressure of -41.4 
to -55.2 kPa (-6 to -8 psi) until the pressure cell penetrated the soil. Sharp increases due to 
driving stresses of up to 76 kPa (11 psi) were measured during this time period. After initial 
adjustment, the radial stress averaged 44.8 to 58.6 kPa (6.5 to 8.5 psi) before the cell penetrated 
soil. Once the cell penetrated the soil, the total radial stress increased by 186 kl?a (27 psi) during 
driving. At about 0.182 h after the start of installation, the total radial stress suddenly increased 
by 52.4 kPa (7.6 psi). After this sudden change, the measured total radial stress decreased similar 
to the pore pressure dissipation, with the exception that the magnitude of the decrease was only 
about 86.2 kPa (12.5 psi), while the pore pressure dissipated 141.3 Wa (20.5 psi) over the same 
period (from peak radial stress to Load Test #8, event 14). Figure 52a shows that the total radial 
stress began to increase 46 h after installation and from 72 to 136 h, the total radial stress was 
near constant. 

Concentrating on the underlying radial stress behavior, using the data from Figures 52a and 53a, 
some observations are: 
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Figure 52b. Total Radial Stress, CY, With Time, MDMP Test NB2 
(including a possible adjustment). 
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1. Excluding questionable measurements up to a few minutes after the end of driving, a 
total pressure of about 200 kPa (29.0 psi) was developed normal to the pile shaft. 
This pressure is about 1.36 times the total vertical stress at rest at the same depth and 
about 2.1 times the estimated radial stress at rest at the same depth (assuming 
&=0.65) (Kulhawy and Mayne, 1990). 

2. For about 37 h following the end of the MDMP installation (to approximately event 
14), the total stress decreased at approximately a constant rate on a logarithmic time 
scale (see Figure 5 la). This rate of decrease is approximately 3.45 kPa/h (0.50 psi/h) 
compared to the pore pressure dissipation rate of approximately 3.72 kPa/h (0.54 
psi/h) over the same period. In absolute numbers, the pore pressure decreased by 
134.5 kPa (19.5 psi) and the total pressure decreased by 86.2 kPa (12.5 psi). 

3. The end of the total pressure decrease is associated with the completion of 90% of the 
radial consolidation process. At this point, the radial increase at a high rate of about 
10.1 kPa/h (1.46 psi/h) was followed by a slower increase of about 1.6 kPa/h (0.23 
psi/h). 

4. At about 67 h after the end of installation, the total stress arrived at a level of about 
200 kPa (29 psi) at which it remained approximately constant until the end of the test. 
This stress is about 3.4 kPa (0.5 psi) higher than the maximum total stress after 
installation. 

The exact phenomenon is not clear and requires an in-depth theoretical evaluation along with 
additional experimental verification. Preliminary qualitative evaluation of the total radial 
pressure measurements of full-scale pile testing at the Newbury site (driven on February 23, 
1997) suggests a similar behavior to that obtained for the model pile. This behavior indicates an 
initial reduction of the total pressure, possibly due to radial stress redistribution around the pile, 
most likely when the soil was remolded to a fluidized state immediately following the pile 
penetration. Changes throughout the consolidation process changed the nature of the soil/pile 
interaction, allowing for an increase in stress. Although not well understood at this stage, this 
phenomenon explains (as well as verifies) other observations of the pile capacity gain with time. 

6.2.2 Effective Stress 

The effective stresses during MDMP test NB2 are shown in Figures 53a and 54a versus 
logarithmic time scale and in Figures 53b and 54b versus linear time scale. Figures 53a and b 
and 54a and b were obtained by subtracting the pore pressure of Figures 47 and 48 from the total 
radial stress of Figures 5 la and b and 52a and b, respectively. Both adjusted and unadjusted total 
radial stress measurements were used for calculating the effective stresses presented in Figures 
53b and 54b. 
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Figure 53a. Effective Radial Stress, cs, ’ With Time, MDMP Test NB2. 
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Figure 53b. Effective Radial Stress, CS, ’ With Time, MDMP Test NBZ 
(including radial stress measurement adjustment). 

115 

c 

L 

3 



Fire 54a. Effective Radial Stress, Q, ’ With Time, MJJMP Test NB2. 
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Figure 54b. Effective Radial Stress, or ’ With Time, MDMP Test NB2 
(including radial stress measurement adjustment). 
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Figures 53a and b include sharp spikes in the effective stresses during driving, as a result of the 
impact stress waves on both the pore pressure and total radial stress measurements. Following 
the completion of driving (approximately 0.15 h after the start of installation), the effective stress 
appeared to increase at a slow constant rate of approximately 1.52 kPa/h (0.22 psi/h) for the first 
37 h after installation. This slow rate represents the difference between the fast pore pressure 
decrease of approximately 141.3 kPa (20.5 psi) and the total radial pressure decrease of 
approximately 86.8 kPa (12.6 psi) over the same period. From 44 h to 70 h after the start of 
installation, the effective stresses rapidly increased by 121.4 kPa (17.6 psi) as a result of a sharp 
increase of 111 .O kPa (16.1 psi) in the total radial stress, while the pore pressure only decreased 
by 10.3 kPa (1.5 psi). After about 70 h after the start of installation, the effective stress leveled 
off to a constant value ranging from 144.8 Wa (21 psi) for unadjusted data to 191 .O kPa (27.7 
psi) for adjusted data. This is approximately 1.6 to 2.1 times the vertical effective stress at that 
depth prior to the pile installation. Since the accuracy of the total radial stress measurement is 
unknown, the actual magnitude of the effective stress may be somehow different from that 
shown, but the data correctly represent the underlying mechanism. The discontinuities in the 
graph are due to lost data as a result of power failures. 

The following observations can be made regarding the radial effective stress history as presented 
in Figure 54a: 

1. Due to questionable total pressure measurements prior to and during driving to about 
11 min after the end of driving, the calculated radial effective stresses during this 
period are considered irrelevant. 

2. Until an extended period after the end of driving, the radial effective stresses 
remained very low, practically zero. This is possibly due to the very high initial pore 
pressure that developed around the pile at the end of driving. It remained so even 
while the pore pressure dissipated because the total pressure decreased as well during 
this period of time. 

3. Following the end of the primary consolidation at approximately 40 h after the pile 
installation, the radial effective stresses increased at a fast rate and stabilized about 27 
h later at a steady level of approximately 144.8 kPa (21 psi). 

4. The final radial effective stress that was achieved was approximately 1.6 times the 
vertical effective stress and 2.5 times the estimated horizontal effective stress as 
evaluated at a depth of 7.39 m (24.25 It) under at-rest conditions. 

6.3 Load Transfer Along the Friction Sleeve 

6.3.1 General Considerations -Initial Reading 

The load cells in the model pile were subjected to low temperatures (sub-freezing) prior to 
driving, dynamic impact forces during installation, and restrike and large tension forces in the 
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pull-out removal process. During the first installation of the MDMP, the recorded dynamic 
forces at the pile tip were large enough to overload the bottom load cell. 

Initial readings (zero voltages) were taken while the pile was standing in the water-filled 
borehole. By taking the initial readings at that time, the weight of the pile acting on the load cells 
was practically removed from further measurements, except for variations in the pile assembly. 
For the MDMP test NB2, the surface load cell was not attached and for the MDMP test NB3, the 
surface doad cell and, possibly, some sections of the drill rods were not attached at the time when 
the initial readings (voltage) were recorded. The initial readings for the top load cell were - 
0.001064 and -0.001328 V for MDMP tests NB2 and NB3, respectively. The initial readings for 
the middle load cell were 0.0017997 and 0.001776 V for MDMP tests NB2 and NB3, 
respectively. The initial reading for the bottom load cell during MDMP test NB2 was 0.001984 
V. Using the initial (zero) voltages recorded before the MDMP installation (while the pile was 
standing in the cased borehole), the calculated values of loads throughout the testing appeared to 
be of the correct order of magnitude, indicating that the load cells were not damaged during 
driving. This fact reaffirms the obtained measurements. 

An examination of the initial readings was conducted, followed by small adjustments that are 
summarized in Table 27 and presented in Figure 55. The following is a discussion outlining the 
rationale of these adjustments. When completing the installation of the MDMP test NB2, the 
loads measured by the top and middle load cells were -0.5515 kN (-123.98 lb) and 0.1239 kN 
(27.86 lb), respectively. These measurements are presented in Figure 55a, along with the 
recorded forces during the initial load test on the MDMP test NB2. The unadjusted reading 
resulted in a top load cell reading consistently lower than the middle load cell. Therefore, the 
initial readings were adjusted to ensure that the top load cell measured a larger magnitude of load 
during both tension and compression static load tests. The adjustment was based on the 
assumption that at the end of driving, prior to external load application, the friction along the pile 
was very small. As a result, the load measured by each load cell prior to the initial load test was 
assumed to be the initial (zero) reading. Based on this procedure, each load cell was adjusted by 
the constant load specified in Table 27. Figure 55b presents the result of this adjustment for the 
initial load test for MDMP test NB2. The small adjustment in this case resulted in more 
reasonable load measurements for the two load cells, while accounting for the pile, drill rods, and 
surface load cell dead weight. As a result of these adjustments, the friction along the sleeve was 
decreased by constant values of 0.4206 kN (94.55 lb) for MDMP test NB2 and 0.05898 kN 
(13.26 lb) for MDMP test NB3. These adjustments corresponded to 7.05% of the peak friction 
measured during MDMP test NB2 and 1.25% of the peak friction measured during MDMP test 
NB3. Since the load cells were designed to measure static loads of 89 kN (10 tons) with 2.5 
times overload, the adjusted loads represented about 0.5% of the full-scale measurement. 
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Table 27. Initial Adjustments to Internal Load Cell Measurements. 

NB3 
Middle 

I-- -0.001 32 
0.001771 

! MDMPTest 1 Internal Load 

Possible factors that required the adjustment included a shift in the zero voltage as well as 
loading after driving due to effects of heave, suction forces, movement at the s!ip joint, residual 
stresses, disturbance when disconnecting the MDMP from the drill rig, and mounting the surface 
load cell. The zeroing of both load cells after the end of driving suggested that the calculated 
friction at that time was zero as well. In reality, however, some friction must have existed along 
the side of the pile during and following installation. Since high excess pore pressure was 
generated during driving, the effective stress in the soil decreased and the friction along the pile 
became very small, theoretically approaching zero as the effective stress approached zero. 
However, as the pile’s weight was being balanced by the force under and along the pile, some 
friction existed at all times. It is clear that the initial frictional forces were very small and 
became considerably insignificant when the side friction increased with time. To examine the 
magnitude of the initial friction along the sleeve and to justify the aforementioned adjustment 
procedure, some observations that support this approach are discussed below. 

(1) Pile resistance during driving. 

A consistent and almost unchanged energy was delivered to the pile throughout the driving. 
During the last 1.28 m (4.2 ft) of penetration of the MDMP test NB2, the delivered energy (based 
on dynamic measurements) was approximately 0.079 J (0.058 k-Et), associated with an almost 
constant rate of penetration of about 10.5 blows/l0 cm (9.6 blows/O.3 I?). The energy measured 
at the top and middle load cell locations (to be presented in section 6.6) suggested that only a 
small portion of the total delivered energy was lost over this section. The above observations 
should also be reviewed in light of the difficulties associated with obtaining the presented data 
(i.e., the small geometrical dimensions and short penetration distance). The above observations 
despite their limitations, suggest that when assuming the tip resistance to be constant&throughout 
the entire penetration depth, the friction along the pile must have been extremely small. Other 
possibilities would be difficult to explain, such as: (1) a large amount of energy and/or a smaller 
rate of penetration would have been observed with deeper penetration, and (2) a larger energy 
loss would have been recorded along the Ciction sleeve. 

(2) Immediately following the initial load test. 

Immediately following the MDMP installation of test NB2, the initial load test was conducted 
with the drill rig. During this load test, the pile was first pushed downward approximately 50 
mm (2 in) and then pulled until the slip joint was completely open (approximately 127 mm (5 in)) 
in order to allow for compression static tests with time. When disconnected from the rig, the pile 
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fell back down, indicating that the friction along the side of the pile was not sufficient to support 
the buoyant weight of the pile (the drill rods and the surface load cell totaled 1.02 kN (230 lb)). 
When the pile fell down, the slip joint also closed and further motion was stopped due to tip 
resistance. No measurements of displacement were recorded during the sudden fall resulting 
from the disconnection of the rods from the drill rig. Visual observations indicate that the pile 
fell to a depth approximately equal to the depth it had been at when the initial compression test 
ended. This would lead one to believe that: (1) the friction along the pile was indeed small in 
comparison to tip resistance, and (2) this friction must have been smaller than the aforementioned 
weight. 

43.2 Model Pile Test NB2 

The average zero voltages for the internal load cells were determined based on readings obtained 
during the period between 0.3483 to 0.4146 h after the start of installation. The average zero 
voltages used for the top, middle, and bottom load cells were -0.00 108 1, 0.001808, and 0.001999 
V respectively. Figure 56 presents the loads recorded with the three MDMP load cells 
throughout the entire testing sequence of 140.8 h. A detailed (exploded) view of the readings 
during the initial 2 h is provided as well. From the data in Figure 56, it is apparent that the 
bottom load cell provided questionable data after about 10 h, suggesting that it did not work 
properly. Up to 46.6 h after the start of installation, each tension load test was followed by some 
decrease in measured forces. After 46.6 h, the measured loads increased and decreased while the 
loading system was held stationary. This fluctuation in the measured load may be attributed to 
the daily change in temperature. From apljroximately 8 to 9 a.m., the top and middle load cells 
saw an increase in tension, while in the evening, the two load cells saw an increase in 
compression (middle of day and middle of night exhibited constant loads). This effect was 
possible due to two reasons: (1) the hydraulic fluid in the loading system changed its volume as a 
result of the temperature changes, and (2) the drill rods changed their length due to the 
temperature changes. Since the loading system consisted of a double-acting ram with fluid on 
both sides of a loading ring, any change in pressure due to temperature change would be equal, 
thus there would not be daily load changes (this was possible since both sides of the ram were at 
equal pressures at the end of each static load test and then needle valves were closed to maintain 
equal pressure, assuming both volumes were equal). The change in length of the drill rods due to 
a 15°C (27OF) temperature change was 0.54 mm (assuming 3 m of drill rod were exposed to the 
temperature change). A length change of 0.54 mm would correspond to a force of 29.8 kN 
(6,700 lb) if both ends were fixed. Since the daily load change was up to 4.4 kN (1,000 lb), the 
pile must have moved relative to the soil to mobilize the frictional capacity of the pile. The 
measured daily load change of 4.4 kN (1,000 lb) was approximately equal to the measured load 
during the final cyclic load test before the slip joint closed. This is reasonable because the slip 
joint was extended during the periods of load fluctuation (assumed to be due to temperature 
variation) and no load transfer would have been measured below the slip joint. 
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During the attachment of the static load &rne to the pile head (1 .Ol to 1.3 h after the start of 
installation), the internal load cell measurements recorded some disturbance (shown in the 
highlighted region of figure 57). The load transfer along the friction sleeve could not realistically 
undergo an increase from 0.28 kN (62 lb) to 1.38 kN (3 12 lb) within a period of about 15 min. 
The changes could therefore be attributed to the disturbance that occurred during the attachment 
of the static load frame. An assumption was made that the load transfer along the friction sleeve 
would not have changed if not for the disturbance. As a result, the measured load in each 
internal load cell was adjusted to the pre-disturbance level. The middle load cell was adjusted by 
decreasing the force by 0.796 kN (179 lb) and the top load cell was adjusted by increasing the 
force by 0.3 16 kN (71 lb). This adjustment remained constant throughout the duration of the 
testing sequence. It should be noted that the decrease in both forces at 1.72 h and 1.77 h after the 
start of installation took place due to static load test # 1 (event 7 on Figures 47,48, and 5 1). 

Details of the static load tests carried out during model pile test NB2, including the initial load 
test using the drill rig and the following 11 tension load test results, are shown in Appendix G. 
The top graph presents the load displacement relationship, including the individual measured 
load cell loads, as well as the difference between them, which represents the friction along the 
friction sleeve. The rates of displacement and load increase are provided in the additional two 
graphs. 

For each static load test, the detailed frictional force during the initial displacement of 6.35 mm 
(0.25 in) is presented in Figure 58. The initial load test (utilizing the drill rig), both in 
compression and tension, are also presented in Figure 58. A substantial increase in the friction 
forces along the friction sleeve was observed as the load test sequence proceeded. The degree of 
consolidation, U, is also indicated in Figure 58, on the load test legend, suggesting a close 
relationship between the consolidation process and the increase in frictional capacity. 

The load displacement relationship presented in Figure 58 suggests a soil behavior variation with 
time. Initially, almost a perfect “plastic” behavior was observed up to load test #5 (associated 
with 59% consolidation). At this stage, a clear peak followed by a residual strength behavior was 
observed, indicating the progress in the consolidation process. Due to the limitations of the 
DAS, the peak values are not well defined. Under the assumption that the soil shears along the 
pile surface, the shear (frictional) stresses can be calculated using the area of the tictional sleeve 
of 2000 cm2. The calculated shear stresses are presented in Figure 59. At an approximately 80% 
consolidation ratio, only 50% of the capacity gain had occurred. At the peak shear strength, the 
shear stresses were approximately equal to the shear strength of the soil at this depth (see Figure 
53). This observation coincided with the fact that upon pile removal, the MDMP shaft was 
surrounded by a clay layer, suggesting that the shear took place in the soil away from the pile 
shaR. 

63.3 Model Pile Test NB3 

The average zero voltages for the internal load cells were determined based on readings obtained 
during the period between 0.3353 and 0.3557 h after the start of installation. The average zero 
voltages used for the top and middle load cells were -0.001290 and 0.001825 V, respectively. 
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Figure 60 presents the loads recorded by the two load cells above and below the friction sleeve 
throughout the entire testing sequence of 122 h. A detailed (exploded) view of the readings 
during the initial 1.25 h is provided as well. Similar to the behavior observed during the MDMP 
test NB2, some load build-up took place without any externally imposed displacement. The 
friction mobilization appeared to be the result of displacement caused by the change in 
temperature during a 24-h period. From approximately 8 to 9 a.m., an increase in tension was 
measured by both top and middle load cells. At about 4 p.m., a more gradual reduction in 
measured tension was recorded. This effect was seen 40 h after the start of installation. Based 
on an average change in temperature of 15°C (27OF) during a 24-h period, the displacement 
caused by the temperature change would be 0.54 mm (assuming 3 m of drill rod exposed to the 
temperature change). During the attachment of the static load frame to the model pile in the NB3 
testing sequence, less disturbance was created relative to that observed during the MDMP test 
NB2. As a result, the forces along the friction sleeve had remained unchanged and no adjustment 
was required for the NB3 testing sequence. 

Details of the static load tests carried out during model pile test NB3, including the initial load 
test using the drill rig and the following nine tension load test results, are shown in Appendix II. 
The top graph presents the load displacement relationship, including the individual measured 
load cell loads, as well as the difference between them, which represents the friction along the 
friction sleeve. The rates of displacement and load increase are provided in the additional two 
graphs. 

For each static load test, the detailed frictional force during the initial displacement of 6.35 mm 
(0.25 in) is presented in Figure 61. The initial load test (utilizing the drill rig), performed in 
compression, is also presented in Figure 61. A substantial increase in the friction forces along 
the friction sleeve was observed as the load test sequence proceeded. The degree of 
consolidation, U, is also indicated in Figure 61, on the load test legend, suggesting a close 
relationship between the consolidation process and the increase in the frictional capacity. 

The load displacement relationship presented in Figure 61 suggested a soil behavior variation 
with time. Initially, almost a perfect “plastic” behavior was observed up to load test #4 
(associated with 67% consolidation). At this stage, a clear peak, followed by a residual strength 
behavior, was observed, indicating the progress in the consolidation process. Due to the 
limitations of the DAS, the peak values were not well defined. Under the assumption that the 
soil shears along the pile surface, the shear stresses can be calculated using the area of the 
friction sleeve (2,000 cm2). The calculated shear stresses are presented in Figure 62. At an 
approximately 80% consolidation ratio, only 50% of the capacity gain had occurred. At the peak 
shear strength, the shear stresses were approximately equal to the shear strength of the soil at this 
depth (see Figure 53). This observation coincided with the fact that upon pile removal, the 
MDMP shaft was surrounded by a clay layer, suggesting that the shear took place in the soil 
away from the pile shaft. 
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Figure 62. Shear Transfer Along the Friction Sleeve for MDMP Test NB3. 
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6.4 Surface Load Cell Measurements 

6.4.1 General 

During the static load tests, a 222&N (50-kip) Lebow load cell was placed at the surface on top 
of the drill rods above the MDMP. This load cell was used as a force back-up measurement in 
case the internal load cells failed during testing. The load cell measurements can be utilized in a 
way similar to that in the traditional static load test performed on full-scale piles. During 
compression or tension tests, one would expect the surface load cell to record a force equal to or 
larger than that recorded by the internal load cells. However, during both model pile tests, the 
internal load cells continued to measure larger forces than the surface load cell. These records 
are presented and discussed in the following sections. During the MDMP test NB2, a large 
force, possibly due to heave, was measured during the initial static load test and is presented in 
the next section. 

6.4.2 Heave Measurements During Model Pile Test NB2 

As soon as the MDMP installation was completed, the initial load test was set up. This entailed 
attaching a 222&N (50-kip) load cell at the top of the drill string and positioning displacement 
transducers on an independent reference beam to measure the movement of the pile top. The drill 
rig was reattached to the pile (above the load cell) and at approximately 23 min after the start of 
installation, the load cell and the displacement transducers were in place recording data. Figure 
63 presents the obtained data, showing that from 23.54 min after the start of installation, the 
surface load cell recorded an increasing compressive load without any apparent movement of the 
pile top (follow the displacement record in the lower graph of Figure 63). These data indicated 
an upward pile motion against the stable platform of the drill rig. It is also important to note that 
during the time that the surface load cell was being loaded without any pile head movement, the 
forces measured by the internal load cells were not changing. A logical explanation is that the 
whole soil mass around the pile was moving upward with the pile due to heave. During periods 
of recorded pile top movement (shown in the gray shaded areas), the measured surface load 
appeared to consist of superimposed forces due to both shear and heave. This is especially 
evident during the second movement, where the pile was pulled in tension. During this period, 
the surface load cell measured an increase in tension force (decrease in total force) of 2.38 kN 
(535 lb) and then a decrease in tension force (increase in total force). While this occurred, load 
measurements recorded by the internal load cells showed steady forces following the shear, an 
expected behavior in a normally consolidated soil (no distinct peak). This indicates that heave of 
the soil surrounding the pile results in a push upward, thus increasing the compressive force 
measured by the surface load cell. 

Figure 64 was obtained by subtracting the load recorded by the surface load cell prior to the 
initial load test, 7.17 kN (16 12 lb) from the data presented in Figure 63. The forces measured by 
the surface load cdl can then be compared to the internal load cell readings. At the onset of the 
displacement, with a small amount of movement, large changes in loads were recorded in the 
surface and internal load cells. After the initial sharp increase in load, the surface load cell 
appeared to gain additional compressive load at a faster rate than the internal load, suggesting 
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further heave action. After the displacement was stopped, the internal load cells exhibited load 
relaxation while the surface load cell continued to gain compressive load. This behavior further 
indicated that the pile and the soil were moving upward together. Even when the pile was forced 
to move relative to the soil along the interface, the heave continued to take place. 

6.4.3 Comparison of Surface and In&rnal Load Cell Measurements 

Figures 65 and 66 present the measurements of all the MDMP internal load cells and the surface 
load cell. The data suggest that the surface load cell recorded similar trends to the ones recorded 
by the internal load cells. As noted earlier in sections 6.3.2 and 6.3.3, the measured load changed 
without any apparent displacement. The assumption that temperature variation was the cause for 
the load changes was also supported by the fact that the surface load cell measured load changes 
at the same time as the internal load cells. During MDMP test NB2, the surface load cell moved 
into contact with the static load &ame at approximately 135 h after the start of installation (Figure 
69, causing the surface load cell to measure an increased load of 62.3 1 kN (14,008 lb). All these 
changes took place without any controlled movement of the hydraulic ram. 

During a compression test, it is expected that the surface load cell would record an equal or 
larger compressive load compared to the loads recorded by the internal load cells. Also, it is 
expected that the tension forces measured by the surface load cell would be equal to or greater 
than the internal load cells. The data of Figures 65 and 66 indicated that the surface load cell did 
not always record a greater tension or compression load than that recorded by the internal load 
cells. This can be a result of the testing procedure, in which the valves to the hydraulic pump 
were closed at the end of the load test to prevent further ram movement. As the soil/pile system 
equilibrated, a decrease in tension forces was measured in most cases. Locked-in stresses 
continued to be measured by the internal load cells during the period between the load tests. 
During the tension load test, the pile elongated and then, as the tension forces decreased in the 
pile (due to equilibration), the pile shortened and the locked-in stresses continued to act. These 
locked-in stresses along the pile may be the reason why the load measured by the surface load 
cell did not match up to the loads measured by the internal load cells. 

6.5 Static-Cyclic Loading 

6.5.1 Final Load Testing Sequence 

The fmal load tests were conducted following the excess pore pressure dissipation (see Figures 
48 and 50 for event nos. 18 and 17, respectively). Figures 67 and 68 describe the sequences of 
the loading conducted during the last stage of testing for NB2 and NB3, respectively. Each 
figure includes the axial load (at all three locations), axial displacements (top of rods at the 
surface and the slip joint), and pore pressure with time throughout the fmal load testing sequence. 

Initially, the MDMP was pushed downward 70 mm (2.75 in) to ensure that the slip joint had been 
completely closed. Figures 67 and 68 indicate that the slip joint was closed after 50.8 mm (2 in) 
of movement as measured at the top of the drill rods. After this point (the intersection of the slip 
joint and the surface displacement measurements), all the measured forces increased due to the 
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Figure 65. Comparison Between the Surface and the Internal Load Cell 
Measurements for MDMP Test NB2. 
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additional mobilized resistance at the tip and skin below the slip joint. After the initial 
downward push, the pile was pulled a short distance of about 0.76 mm (0.03 in) to unload the 
built-up loads. The pile was then cyclically loaded by pushing down 12.7 mm to 19.1 mm (0.5 to 
0.75 in), followed by a short unloading, returning to the initial loading state. The pile was 
allowed to rest for 2 to 7 min between each unloading to allow the pore pressure to stabilize. 
This sequence of testing was in accordance with a new static cyclic load testing procedure 
currently under investigation. The shaded areas in Figures 67 and 68 represent the time at which 
the pile was held with no displacement. 

6.5.2 Model Pile Test NB2 

As a result of the load testing sequence throughout the MDMP test NB2, the surface load cell had 
been displaced the maximum possible distance and was compressed against the static load frame. 
As such, the,load recorded before the start of the final load test was erroneous. To correct this 
error: (1) the load recorded by the internal top and middle load cells prior to the start of the fmal 
load test was assumed to be zero, and (2) the surface load measurement was assumed to be the 
same as that of the internal load cells at the end of the cyclic test. At this stage, due to the 
unloading, both internal load cells recorded approximately the same readings. The last 
assumption neglected to consider the weight of the pile allowing the comparison between the 
surface load measurements and the internal load measurements. 

Figure 69a presents the details of the load-displacement relationships for all load cells recorded 
during the fmal load testing sequence. The obtained relationships between the individual load 
cell measurements seem to be reasonable (i.e., the surface load cell measurement is greater than 
that measured by the top load cell, which is greater than that measured by the middle) as a result 
of the above outlined adjustment procedure. Figure 69a also includes the force difference 
between the top and middle load cells, which represents the net force acting along the friction 
sleeve. Figure 69b contains an enlarged presentation of the force acting on the fiction sleeve 
during the testing sequence. Within an initial displacement of about 1 mm, the frictional force is 
mobilized. A distinct peak shear strength of 13.07 kPa (1.90 psi) is followed by a strain 
softening. The shear stress was calculated assuming that the shear was taking place along the 
soil/shaft interface. It was evident, however, at the end of the testing (when the MDMP was 
retrieved) that as a thick layer of clay was attached to the pile, the shear took place in the soil 
some distance away from the pile. At the end of 50.8 mm of displacement, the residual shear 
strength was 8.61 kPa (1.25 psi). The pore pressure response to the cyclic load test is shown in 
Figure 67~. For reasons that are not clear, there was a positive pore pressure response in spite of 
a clear overconsolidated soil response as described above. 

At a penetration distance of about 5 1 mm, the slip joint gap was closed and the lower portion of 
the pile became engaged in resistance to the loading. A large force increase was recorded at that 
point in all load cells (Figure 69a), with a small increase in the friction force along the friction 
sleeve. An additional small increase in all forces took place at a penetration distance of 62.2 mm 
(2.45 in), apparently due to a sharp increase in the displacement rate as can be seen in Figure 67b 
at approximately 8274.2 min after start of installation. 
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Following the initial penetration of 80 mm, a sequence of four unload-reload cycles were carried 
out. Each unloading was obtained through a very short upward motion between 0.46 and 1.20 
mm and hence cannot be clearly seen in Figure 67b. The reloading has a distinctive peak, with a 
clear frictional degradation that continues to take place with the continuation of penetration. This 
degradation seems to be following approximately the same trend that was recorded for the first 
loading, suggesting that within a penetration distance of approximately 153 mm, the frictional 
stress decreased from a peak of 13.07 kPa (1.90 psi) to a residual stress of 7.04 kPa (1.02 psi). 
This continued slow degradation seems to be in line with interfacial and shear test results carried 
out on clay by Lemos (1986) and Bishop (1971), respectively. During this period, the pore 
pressure was maintained approximately constant, with a general trend of a slow decrease with 
time (Figure 67~). 

65.3 Model Pile Test NB3 

To analyze the data from the final loading sequence for the MDMP test NB3: (1) the load 
recorded by the internal top and middle load cells prior to the start of the final load test was 
assumed to be zero, and (2) the surface load measurement was assumed to be the same as that of 
the internal load cells at the end of the cyclic test and during periods of no displacement. At 
these stages, both internal load cells recorded approximately the same readings. The last 
assumption neglects to consider the weight of the pile allowing the comparison between the 
surface load measurements and the internal load measurements. 

Figure 70a presents the details of the load-displacement relationships for all load cells recorded 
during the final load testing sequence. The obtained relationships between the individual load 
cell measurements seem to be reasonable (i.e., the surface load cell measurement is greater than 
the top load cell, which is greater than the middle) as a result of the above outlined adjustment 
procedure. Figure 70a also includes the force difference between the top and middle load cells, 
which represents the force acting along the friction sleeve. Figure 70b contains an enlarged 
presentation of the force acting on the friction sleeve during the testing sequence. Within an 
initial displacement of about 1 mm, the frictional force is mobilized. A distinct peak shear 
strength of 5.85 k.Pa (0.85 psi) is followed by a strain softening. The shear stress was calculated 
assuming that the shear was taking place along the soil/shaft interface. It was evident, however, 
at the end of the testing (when the MDMP was retrieved) that as a thick layer of clay was 
attached to the pile, the shear took place in the soil some distance away f?om the pile. At the end 
of 5 1 mm of displacement, the residual shear strength was 3.64 kPa (0.53 psi). The pore pressure 
response to the cyclic load test is shown in Figure 68~. For reasons that are not clear, there was a 
positive pore pressure response in spite of a clear overconsolidated soil response as described 
above. 

At a penetration distance of about 5 1 mm, as the slip joint gap was closed, the lower portion of 
the pile engaged and contributed to the measured resistance as a result of the loading. A large 
force increase was recorded at that point in all load cells (Figure 7Oa), with a small increase in 
the friction force along the friction sleeve. 
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Following the initial penetration of 77 mm, a sequence of four unload-reload cycles were carried 
out. Each unloading was obtained through a very short upward motion between 0.67 to 1.27 mm 
and hence cannot be clearly seen in Figure 68b. The reloading has a distinctive peak, with a clear 
frictional degradation that continues to take place with the continuation of penetration. This 
degradation seems to be following approximately the same trend that was recorded for the first 
loading, suggesting that within a penetration distance of approximately 137 mm, the frictional 
stress decreased from a peak of 5.85 kPa (0.85 psi) to a residual stress of 2.92 kPa (0.42 psi). 
This continued slow degradation seems to be in line with interfacial and shear test results carried 
out on clay by Lemos (1986) and Bishop (1971), respectively. During this period, the pore 
pressure was maintained approximately constant, with a general trend of a slow decrease with 
time (Figure 68c). 

6.6 Dynamic Measurements 

6.6.1 Driving System and Dynamic Measurements 

The top of the drill rod string was instrumented (Surface Measurement) with strain gauges and 
accelerometers as part of a dynamic measurement system manufactured by Pile Dynamics, Inc. of 
Cleveland Ohio. A Pile-Driving Analyzer (PDA) (model PAK) monitored the gauges during the 
MDMP installation and a subsequent restrike following the completion of the pore pressure 
dissipation. In addition, the internal load cells and accelerometers (at the top and middle load cell 
locations) were monitored with additional PDA provided by Carl Ealy, a Geotechnical Research 
Engineer from FHWA. The force wave was measured using the MDW internal load cells 
mounted in the model pile and designed for static load application. Reusable gauges 
manufactured by Pile Dynamics, Inc., specifically designed for dynamic applications, were bolted 
to the drill rods to monitor the impact force at the pile top. The acceleration of the pile was 
recorded by three accelerometers that were mounted internally inside each load cell and externally 
with up to four accelerometers bolted on the drill rods. Of the three accelerometers inside the 
MDMP, two were of the piezoelectric type and were mounted inside the top and bottom load 
cells, while the accelerometer mounted inside the middle load cell was a piezoresistive type. 

The driving system consisted of a 0.623&N (140-lb) safety hammer normally used for Standard 
Penetration Tests (SPT). The operator of the drill rig controlled the hammer drop by visual 
inspection. During the installation of the MDMP Test NB2, the stroke of the hammer was 
initially liited to 0.152 m (6. in) to ensure that dynamic stresses would not harm the instruments 
inside the MDMP. Since all instrumentation continued to record data within the assigned limits, 
the stroke was subsequently increased to 0.305 m (12 in) and then to 0.457 m (18 in). The 
compressive stresses, recorded by the PDA during the driving sequences, did not exceed 90% of 
the yield strength (0.9f,) of steel in order to avoid overstressing the pile. 

The number of blows required to drive the pile a predetermined amount was visually observed and 
recorded during driving. The force and acceleration data were recorded with the two PDAs at a 
frequency of 20,000 Hz (one test was at 5,000 Hz). The recorded blows from each PDA were 
synchronized by using the time stamp for each PDA. Several indiscriminate blows were recorded 
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(2) Typical Dynamic Measurements. 

Typical dynamic measurement data obtained via the PDA along the MDMP during driving of 
NB2 are shown in Figures 72 and 73. Figures 72 and 73 present the force and velocity signals 
recorded at the top of the drill rods (denoted as surface measurement) and the internal load cells 
inside the pile above and below the friction sleeve (denoted as top load cell and middle load cell) 
and at the pile tip (denoted as bottom load cell) for two blows. Note that the data related to blow 
21 in Figures 72a and b corresponded to the same impact denoted as blow 20 in Figures 72c and 
d. In the same way the data related to blow 221 in Figures 73a and b correspond to the same 
blow denoted as blow 241 in Figures 73c and d. The different notations are a result of the use of 
two different acquisition (PDA) systems as previously described (section 4.3). Blows 21/20 and 
221/241 were recorded at penetration depths of approximately 6.74/0.183 m (22.110.6 ft) and 
8.69/2.44 m (28.Y8.0 ft) as related to the ground surface and the bottom of the cased borehole, 
respectively. 

The data in Figures 72a and 73a were related to the surface measurements for a time period of 25 
ms, while Figures 72b and 73b depict the same data over a 5-ms period detailing the impact wave 
and its reflections during the travel time down to the tip and back. The data in Figures 72a and b 
and 73a and b indicated the following: 

1. Surface Force - The force at the top of the rods seemed to undergo sharp fluctuations. 
Examining the individual force records led to the conclusion that F3 was the main 
contributor to the variations, while the force records of F4 contained smaller 
variations. Three possible reasons could be connected to these fluctuations: (1) the 
vibrations of the strain transducers themselves - the small diameter of the drill rod 
(in comparison with a full-scale pile) made the attachment of the force transducers 
difficult and, as a result, the transducers can vibrate during driving; (2) the rods were 
made of sections of mechanical tubing with screw sections welded to each end - the 
large increase in the impedance of the rods at each connection resulted in a force 
reflection that was recorded as an increased force at the surface measurement; and (3) 
the differences between F3 and F4 suggested the existence of an uneven impact at the 
pile top - ifthe transducers were mounted close to the impact (in this case, 0.305 m 
below the top drill rods and approximately 1.25 m from the impact), then the records 
would reflect the uneven stress distribution in the pile. A better understanding of the 
source of the presented records could be obtained through the examination of the 
surface force records obtained during the MDMP driving of NB3. During this 
driving, two sets of surface gauges were attached to the drill rods, allowing a better 
assessment of the fluctuation source in the force measurements. The data and relevant 
discussion are presented in section 6.6.4 and Figures 77a through f. 
At approximately 2.5 ms after the peak force had been recorded, an increase in the 
force was measured. This positive increase was associated with the reflection of the 
traveling wave from the rod/pile connection at a distance of 7.01 m (23 rt) from the 
surface measurement. 

149 



UNIVERSITY MASS-LOWELL PDI PILE DRIVING ANALYZER@-.04 

Newbury Model Pile Test N62ROOIN 06-Mar-96 
Surface MeasuB;ergnt 

20 1 
F 

K --- v*z 

25ms 

Z=2.3 K*s/ft 

EMX 0.04 
FMX 15.0 
VMX 4.6 
DMX 0.55 

F'i': OeY5 11.8 
VT1 4.6 
RTL 11.1 
RMX 2.7 

LE 32.40 

2; 3hi~~ 
SP 0.492 
WS 16810 

Kip-f t 
Kips 
f t/s 
inch 
inch 
Kips 
rt/s 
Kips 
Kias 

ft 
in2 
Ksi 
K/ft3 
ft/s 

25ms 

3.8mS 0 - 
Z=2.3 K*s/ft 

Surface Measq&em$nt 
F3 

---F4 
EMX 0.04 Kip-ft 
FMX 15.0 Kips 
VMX 4.6 ft/s 
OMX 0.55 inch 
DFN 0.55 inch 
FTl 11.8 Kips 
VT1 4.6 ft/s 
RTL 11.1 Kips 
RMX 2.7 Kips 

LE 32.40 ft 
AR 1.29 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
WS 16610 ft/s 

20 
K 1 

v3sz 
yemv43cZ 

Figure 72a. PDA Dynamic Measurements During the Installation of MDMP Test NJ32: 
Surface Force and Velocity Records Over 25 ms. 

150 



UNIVERSITY MASS-LOWELL PO1 PILE DRIVING ANALYZER@Y"~o' 

Newbury Model Pile Test NB2RODIN 06-Mar-96 
Surface Measu&errgnt 

F EMX 0.04 Kip-ft 
--- V*Z FMX 15.0 Kips 

3.8mS i 
Z=2.3 K*s/ft 

VMX 4.6 ft/s 
OMX 0.55 inch 
OFN 0.55 inch 
FTI 11.8 Kips 
VT1 4.6 ft/s 
RTL 11.1 Kips 
RMX 2.7 Kips 

LE 32.40 ft 
AR 1.29 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
WS 16610 ft/s 

20 Surface MeasugrNergnt 

K 
I 

F3 
p--F4 

EMX 0.04 Kip-ft 
FMX 15.0 Kips 
VMX 4.6 ft/s 
OMX 0.55 inch 
OFN 0.55 inch 

RMX 2.7 Kips 

LE 32.40 ft 

3.8mS I-1 
Z=2.3 K*s/ft 

AR 1.29 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
WS 16810 ft/s 

v3*z 
--- v4*z 

20 - 
K 

I 5ms 

Figure 72b. PDA Dynamic Measurements During the Installation of MDMP Test NB2: 
Surface Force and Velocity Records Over 5 ms. 

151 



UNIVERSITY MASS-LONELL PDI PILE DRIVING ANALYZER@"." 

Newbury Model Pile Test NB2MPIN 06-Ma-r-96 
Top Load CeHN 2. 

F 
--- V*Z 

EMX 0.04 Kip-ft 
FMX 18.0 Kips 
VMX 3.5 ft/s 
OMX 0.52 inch 
OFN 0.52 inch 
FTI 18.0 Klps 
VT1 3.4 rt/s 
RTL 14.0 Kips 

Z=1.3 K*s/ft 

25ms 
RMX 14.0 Kips 

LE 7.10 ft 
AR 0.74 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
WS 16810 ft/s 

Newbury Model Pile Test NB2MPIN 06-Mar-96 
Middle Load Cell 

F 
8N 20 
EMX 0.03 Kip-ft 

--- V#Z FMX 14.1 Kips 

0.5mS Cl 
Z=1.3 K*s/ft 

VMX 3.8 ft/s 
OMX 0.49 inch 
OFN 0.49 inch 
FTI 13.9 Kips 
VT1 3.5 ft/s 
RTL 6.9 Kips 

~25ms 
AMX 6.9 Kips 

LE 4.70 ft 
AR 0.74 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
WS 16810 ft/s 

Newbury Model Pile Test tjB2MPIN 06-Mar-96 

20 - 
K 

L, 

I 
I 

O.lmS I 
Ze1.3 Kns/ft 

Bottom Load s$l\o 
F EMX 0.00 Kip-ft 

--- v*z FMX 1.5 Kips 
VMX 7.1 ft/s 
OMX 0.59 inch 
OFN 0.59 inch 
FTl 0.1 Kips 
VT1 0.0 ft/s 
RTL 0.0 Kips 
AMX 1.7 Kips 

LE 1.00 ft 
AR 0.74 in2 
EM 30000 Ksi 
SP 0.492 K/ft3 
ws 16810 ft/s 

Figure 72~. PDA Dynamic Measurements During the Installation of MDMP Test NB2: 
Internal Force and Velocity Records Over 25 ms. 
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Figure 72d. PDA Dynamic Measurements During the Installation of MDMP Test NB2: 
Internal Force and Velocity Records Over 5 ms. 

153 



UNIVERSITY 
Newbury Model 

MASS-LOWELL PDI PILE ORIVING ANALYZER@Vd.04 

Pile Test Nl32RODIN 06-Mar-96 
Surface Meas;;e;gt 

F 
EMX 0.06 K:p-ft 

--- v*z FMX 15.5 K:ps 
VMX 5.5 ft/s 
OMX 0.72 inch 
OFN 0.72 inch 
FTl 
VT1 
RTL 

25ms 
RMX 

LE 

iz 
SP 

12.9 K:ps 
5.5 ft/s 

12.5 Kips 
3.3 Kips 

32.40 
1.29 

30000 
0.492 

ft 
in2 
Ks1 
K/ft3 
ft/s ws 16610 

Surface 

--- 

25ms 

MeasuB;e$egt 
F3 
F4 

EMX 0.06 
FMX 15.5 
VMX 5.5 
DMX 0.72 
DFN 0.72 
FTl 12.9 
VT1 5.5 
RTL 12.5 
RMX 3.3 

LE 32.40 
AR 1.29 
EM 30000 
SP 0.492 
WS 16810 

Kip-ft 
Kips 
ft/s 
inch 
inch 
Kips 
ft/s 
Kips 
Kips 

ft 
in2 
Ksi 
K/ft3 
ft/s 

20 1 v3x.z 
K w-- v4nz 

Figure 73a. PDA Dynamic Measurements During the Installation of MDMP Test NB2: 
Surface Force and Velocity Records Over 25 ms. 
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